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Analyses of Influence of Frictional Heat on the Contact Stress of 
High-speed Micro-gears
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ABSTRACT: When a small gear rotates at a very high speed over 40,000 rpm, frictional heat is generated on the gear
surfaces. Thermal deformations and stresses arising from frictional heat may lower the efficiency and fatigue life of
the high-speed gear. Especially, such frictional heat has much stronger effects on the performance of millimeter-sized
high-speed gears used for surgical and dental hand-pieces, due to a small surface area. An analytical equation was
derived to calculate frictional temperature on a mating gear surface and conduction heat transfer analysis was
performed. Thermal deformation and contact stresses were then calculated using FEM for gears used for medical
hand-pieces. The contact stresses of the meshed gear and pinion increase by 19.4% and 16.4%, respectively, when the
frictional thermal deformations are considered.
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1. INTRODUCTION

Small surgical gear-type hand-piece is used to cut diseased
biological tissues out in a medical operation and consists of a
small driving BLDC motor, a small high speed gear train and a
small knife or a saw at the tip. Mating gears of a hand-piece
usually rotate at over 40,000 rpm in order to transfer power to
an end knife or saw by way of cams or any other motion-
changing devices. High speed revolution naturally causes high
frictional heat on the contacting gear surfaces and causes ther-
mal strains in gears. Excessive thermal strains may have a det-
rimental effect on the fatigue strength of gears and cause
vibrating noise. 

Fatigue analysis was performed for the surface of gear teeth
flanks by FEM [1] and surface contact stresses were computed
in an effort to enhance the surface fatigue life [2-5]. Fatigue
failure of a helical gear in a gearbox was investigated in order
to design an automotive transmission [6]. Residual stresses
were also analyzed in the region of peened gear surfaces [7,8].
A physics-based model was recently developed to predict the
micro-pitting behavior on contact surfaces of spur gears oper-
ating under the mixed lubrication condition [9]. Tooth tem-

perature analysis of a spur gear was performed using the FEM
with calculation of heat input and estimation of heat transfer
coefficients as well as experimental measurements using the
infrared radiometric microscope [10]. A numerical and ana-
lytical study including gear dynamic load, lubricant film thick-
ness, bulk equilibrium and total flash temperatures in spur
gear contacts was reported by Wang and Cheng [11]. The dis-
tribution of bulk equilibrium temperature and flash tempera-
ture along the contact path for pinion and gear teeth were
derived and the influences of face width, outside radius and
pitch diameter were evaluated [12]. Long et al. [13] investi-
gated the effects of gear geometry, rotational speed and applied
load, as well as lubrication conditions on surface temperature
of medium-speed (up to 10,000 rpm) gear teeth.

However, there are little studies on the high speed small mil-
limeter-sized gears used for various surgical hand-pieces for a
medical operation, even though much frictional heat is gen-
erated on the contacting surfaces of meshed gears. In this
study, the contact stress, thermal strains and stresses in the
meshed gears of a surgical hand-piece were computed using
ABAQUS finite element analysis. The contact stresses includ-
ing a thermal effect were compared with those excluding it in
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order to assess the change in contact strength.

2. CONTACT ANALYSIS

The mating gears are modeled with ABAQUS 3-D 8-noded
HEXA elements (C3D8) to analyze contact stresses, as in Fig.
1. Three gear teeth and two pinion teeth were included in the
FE model in order to capture surface contact stresses, bending
stresses and thermal stresses accurately. The contact region
was finely meshed and the contact condition of ABAQUS was
applied. The specifications of gear and pinion are listed in
Table 1. The force of one tooth pushing against the other is
always transmitted at the pressure angle (usually, 20 or 25
degree). All nodes on the cross-section of a pinion FE model
were fixed and a torque of 20.5 N-mm transferred from a
BLDC motor was applied for a gear using rigid bar elements.
Both a gear and a pinion were fabricated with martensite
stainless steel alloy (C, Si, Mn, P, S, Cr, Ni, Mo) and thermal
and material properties are tabulated in Table 2. The distri-
bution of contact stresses is plotted in Fig. 2. The maximum

Fig. 1. A hand-piece and a finite element model of mating gear
segments

Table 1. Specifications of gears

Parameters Gear Pinion
Number of teeth (N) 18 8
Module (m) [ = pitch dia. / N] 0.25
Pressure angle [deg.] 20
Circular pitch (p) 0.7854
rpm 40,000 90,000

Table 2. Material properties of SUS420F for gears [14]

Density [kg/mm3] 7.8 × 10-6

Modulus of elasticity [GPa] 200
Poisson's ratio 0.24
Thermal expansion coeff. [m/m·oC] 10.3 × 10-6

Thermal conductivity [W/m·K] 24.9
Specific heat [J/g·oC] 0.460

Fig. 2. Contact stress distribution during the rotation of meshed
gears (“pinion” with a sharp top)

Table 3. Finite element meshes

Info. Gear Pinion
No. of finite elements (C3D8) 29,480 18,730
No. of nodes 33,550 21,505
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stress of 167.7 MPa was obtained at the pinion around the
contact point. The numbers of finite elements and nodes are
listed in Table 3.

Fig. 3 shows the contact stress distribution along a con-
tacting surface from a tooth bottom (0.0 mm) and a top
(0.7 mm) of gear and pinion at the position described in Fig. 2.
The origin of a coordinate in Fig. 3 is set on a point of a tooth
bottom area. The contact stress in the pinion is higher than
that in the gear. The stresses in the teeth roots of two gears are
similar each other and 120 MPa. The sharp peaks of gear and
pinion in Fig. 3 occurred actually around the contact point
even though the two are apart due to a different distance from
the tooth bottom. The maximum stress is 146.2 MPa in a gear
and 167.7 MPa in a pinion, as in Fig. 3.

3. THERMAL ANALYSIS

It is important to evaluate the influence of thermal stress on
the contact area because the small high-speed mating gears
(40,000–90,000 rpm) generate naturally much frictional heat
on gear surfaces. The diameter of a spur gear for a surgical
hand-piece is 3.2 mm small. It is difficult to measure the sur-
face temperature of gears due to the small height of a tooth,
0.7 mm and a high angular speed over 40,000 rpm. An equa-
tion which can predict the frictional surface temperature was
derived on the basis of an AGMA gear theory [15] as follows,

(1)

(2)

(3)

(4)

(5)

where Hd represents the time rate of heat dissipation and h is a
local convection coefficient. As is a contact surface area of a
gear tooth, T∞ is an ambient temperature, Ts is a temperature
on a tooth surface, and (HP)loss denotes loss of horsepower
(HP). The quantity e represents the efficiency. The subscripts, i
and o, denote input and output, respectively. The quantity ε
represents a contact ratio and μ is a friction coefficient (0.026).
z1 and z2 are the number of gear and pinion teeth, respectively.
The quantities, r, a, c and Φ, are a pitch radius, an addendum, a
center distance between two gears, and a pressure angle,
respectively and the subscripts, p and g, denote a pinion and
a gear, respectively. The horsepower input in Eq. (2), (HP)i,
can be expressed in terms of a torque (T) and rpm (n) as in
Eq. (5).

From Eqs. (1)-(5), an equation for a frictional surface tem-
perature on a gear tooth which rotates in a high speed is
obtained as follows,
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Fig. 3. Contact stresses along the gear surface from a tooth bot-
tom (0.0 mm) to an end (0.7 mm) at the contact position
in Fig. 2

Fig. 4. Heat conduction from the surface and thermal strain dis-
tribution while gears rotate (an upper tooth is a gear and
lower one is a pinion) 
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(6)

An initial temperature on the gear surface was set to be
26.6oC and an ambient temperature around gears inside the
hand-piece was measured to be 55oC. The convection coef-
ficient (h) was assumed to be 270 W/m2·oC from numerical
experiments. The BLDC motor torque measured is 20.5 N-
mm. The resulting surface temperature of 82.85oC was cal-
culated at the contact surface from the Eq. (6). Based on the
calculated surface temperature of 82.85oC, the temperature
distribution by heat conduction was computed with ABAQUS
finite element (C3D8T) analyses as in Fig. 4(a) and thermal
strains during rotation were computed as in Fig. 4(b).

Because the thermal deformations of small high-speed gears
due to frictional heat may cause changes in a contact ratio,
unsmooth rotation and efficiency loss, they were computed
based on the results of heat transfer analysis, as in Fig. 4(b).
Fig. 5 shows the distribution of thermal strains on the surfaces
of the mating gear and pinion. The origin of the graph was set
to be at the bottom of meshed gear teeth. Thermal deforma-

tions are in the range of 0.1 to 1.0 μm and the largest occurs at
the end of a tooth, as shown in Fig. 5. Considering that the
height of a tooth is 0.7 mm, the thermal deformation of 1.0
μm is not small. Therefore, a relevant cooling system must be
accompanied. The thermal stress distribution due to the fric-
tional heat generation is plotted in Fig. 6. The maximum ther-
mal stresses of 50.9 MPa and 46.2 MPa occurred naturally on
the contact surface of the pinion and the gear as in Fig. 6,
respectively.

4. CONTACT STRESS CONSIDERING FRIC-
TIONAL HEAT

Now, contact stresses are computed with the finite element
analysis considering the torque transfer and the thermal defor-
mations simultaneously. In the previous section, we noticed
that thermal deformation itself due to teeth frictional heat
exerted an unfavorable influence on contact stresses. Figs. 7
and 8 represent the distribution of contact stresses (von Mises)
in the meshed gear and pinion when thermal and mechanical
strains are considered simultaneously. 

Ts 1 e–( )
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-------- T
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Fig. 5. Thermal deformations on surfaces of the meshed gear
and pinion

Fig. 6. Thermal stress (von Mises) distribution on the surface of a
mating gear tooth 

Fig. 7. The contact stress distribution with and without the
effect of frictional heat for a gear (a) and a pinion (b)
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As for a gear, maximum von Mises stress due to a torque
transfer is 146.2 MPa in the contact area and the contact stress
due to torque transfer and thermal deformation is 174.5 MPa.
As for a pinion, maximum von Mises stress due to a torque
transfer is 167.7 MPa in the contact area and the contact stress
due to torque transfer and thermal deformation is 195.2 MPa.
The contact stresses of the meshed gear and pinion increase by
19.4% and 16.4%, respectively, when the frictional thermal
deformations are included. These additional contact stresses
may significantly reduce the fatigue life of a small high-speed
gear. To cope with frictional heat, an effective cooling system
using water or oil is required. 

The S-N curve was determined experimentally for this
study, as in Fig. 8 and the stresses due to torque transfer and
thermal deformation are under endurance limit by fatigue
testing.

5. CONCLUSIONS

The thermal stresses arising from the frictional heat of mil-
limeter-sized high-speed gears (40,000-90,000 rpm) in a sur-
gical or dental hand-piece may lower the efficiency and a
fatigue life of the mating high speed gear. A new equation
which can predict the frictional surface temperature of
meshed rotating small gears was developed on the basis of a
torque, rpm, efficiency and heat conduction. Thermal defor-
mations and contact stresses of mating gears were calculated
using nonlinear finite element analysis. The contact stresses of
the meshed gear and pinion increase by 19.4% and 16.4%,
respectively, when the frictional thermal deformations are
considered. It is quantitatively proved that gear frictional heat
has a strong influence on contact stresses between meshed

high speed gears.
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Fig. 8. The S-N curve of SUS420F gear material obtained by
fatigue tests 


