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Application of Adhesive Joining
Technology for Manufacturing of the
Composite Flexspline for a
Harmonic Drive
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Department of Precision Engineering and Mechatronics, Korea Advanced Institute of
Science and Technology, Kusong-dong, Yusong-ku, Taejon-shi, Korea 305-701

( Received January 20, 1994; in final form August 8, 1994 )

A new manufacturing method for the cup-type composite flexspline for a harmonic drive was developed
using adhesive joining technology to obviate the manufacturing difficulty of the conventional one-piece
cup-type steel flexspline and to improve the dynamic characteristics of the flexspline.

In this method, the boss, tube and tooth sections of the flexspline were designed and manufactured
separately, and adhesively bonded. The tube section was manufactured with high strength carbon fiber
epoxy composite material and its dynamic properties were compared with those of the conventional steel
flexspline.

The torque transmission capability of the adhesively-bonded joint was numerically calculated using the
nonlinear shear stress-strain relationship which was represented by an exponential form.

From the test results of the manufactured composite flexspline and the conventional steel flexspline, it
was found that the manufactured composite flexspline had better torque transmission characteristics.
Also, it was found that the damping capacity of the composite flexspline was considerably improved.

KEY WORDS adhesive joining technology; adhesive thickness; adhesive nonlinear property; bonding
length; harmonic drive; composite flexspline; torque transmission capability; radial stiffness; dynamic
characteristics; damping capacity.

INTRODUCTION

The harmonic drive is a special type of speed reduction mechanism whose principle
of operation is based on elastic deformation rather than rigid body motion.! ~* The
harmonic drive is widely accepted in industrial robots and precision mechanisms
because of its high speed reduction ratio, high rotational accuracy, high torque
transfer per unit of weight, high efficiency and negligible backlash compared with
standard gear systems.* ~°

The harmonic drive is composed of the rigid circular spline, the flexible spline
which is called a flexspline and the elliptical wave generator as shown in Figure 1.
The ball bearing mounted on the elliptical wave generator deforms the flexspline,

*Corresponding author.
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FIGURE 1 Configuration of the cup-type harmonic drive.

thus engaging teeth at diametrically-opposite points coincident with the major axis
of the elliptical wave generator and disengaging points at the minor axis. If the rigid
circular spline were fixed, then the rotation of the wave generator would produce a
reverse motion of the flexspline; if the rigid circular spline has 202 teeth and the
flexspline has 200 teeth, then the single revolution of the wave generator will rotate
the flexspline backward two teeth. In this case, the rotational velocity ratio would be
100:1. The number of teeth of the flexspline is usually two or four less than the
number of the circular spline.

The input torque of the harmonic drive is usually applied to the shaft of the wave
generator which is pressure fitted to the open end of the flexspline and the output
torque is applied to the shaft at the close end of the flexspline. Therefore, the
flexspline is the most important part of the harmonic drive and determines the
performance of the harmonic drive.

The flexspline of the harmonic drive has usually the one-piece cup-type shape as
shown in Figure 2.7

The manufacture of the cup-type flexspline of Figure 2 usually requires a boring
operation of a solid cylinder and special jigs to hob teeth, which requires much
machining time and large material loss.

Even though the harmonic drive has many kinematic advantages, it has several
dynamic drawbacks; the motion is not perfectly smooth but has a ripple which has
the same frequency as the wave generator.® The ripple can produce noise or vibra-
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FIGURE 2 Shape of the cup-type flexspline.

tion when the natural frequency of the flexspline becomes the same as the exciting
frequency. Also, the torsional stiffness of the flexspline is small and decreases as the
torque increases because it is designed as a thin cup shape to decrease the radial
stiffness.® These phenomena can not be avoided when the flexspline is made of
conventional isotropic materials such as steel and aluminum.

If a carbon fiber epoxy composite material which has high specific stiffness,® high
specific strength and high damping capacity is used as the material for the flexspline,
the torsional stiffness can be increased independently of the radial stiffness by ad-
justing the stacking angle of the composite material. Also, since many high strength
adhesives have been developed,'? adhesive joining of separately-manufactured com-
posite and steel parts has been possible.

There has been an attempt to manufacture the flexspline using adhesive joining of
separately-manufactured parts.'! Figure 3 shows the shape of the flexspline manu-
factured by the method, in which the steel tooth section was adhesively-joined to the
machined surface of the composite tube. In this method, the thickness of the root
tube under the steel tooth should be small to make the radial stiffness of the
flexspline small. Also, the fiber breakage of the composite tube in machining was
inevitable. Consequently, it was found that the tooth was failed by fatigue in con-
tinuous prolonged operation.

Therefore, a new manufacturing method for the composite flexspline which can
obviate the fatigue problem of the steel tooth section was developed. The one-
piece, cup-type flexspline was divided into three parts such as the boss, tube and
tooth sections. This method eliminated machining of the surface of the composite
tube on which the steel tooth section was adhesively-bonded. Since the thickness of
the root tube of the tooth section can be increased without increasing the radial
stiffness in this method, the possibility of fatigue failure in the tooth section was
decreased.
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FIGURE 3 Sectional shape of the composite flexspline.

The boss and tooth sections were made of S45C steel and the tube section was
made of high strength carbon fiber epoxy composite material. The conventional
one-piece, cup-type flexspline was also manufactured with S45C steel in order to
compare the performances.

Since the nonlinear adhesive properties must be included in order to calculate
accurately the torque capacity of the adhesive joint, in this paper the shear stress-
strain curve was represented in an exponential form using two parameters such as
the initial shear modulus and the ultimate shear strength and was used in numerical
calculation.

The static and dynamic characteristics such as the torque transmission capability,
radial and torsional stiffnesses, natural frequency and damping capacity were meas-
ured and compared with those of the one-piece, cup-type steel flexspline. From the
experimental results, it was found that the developed composite flexspline had suffi-
cient torque transmission capability, its initial torsional stiffness was improved more
than 50% and the damping capacity at the fundamental natural frequency was
improved more than 100%.

DESIGN AND MANUFACTURE OF THE COMPOSITE FLEXSPLINE

In this work, a harmonic drive which has the average maximum torque of 100 N-m
and the instant maximum torque of 150N-m, was selected. Figure 4 shows the
specifications of the one-piece, cup-type flexspline which has the required trans-
mission capabilities.

Figure 5 shows the manufacturing scheme for the adhesively-bonded composite
flexspline. The flexspline of Figure4 was divided into three parts as shown in
Figure 5a and was adhesively-bonded as shown in Figure 5b.
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FIGURE 4 Dimensions of the manufactured cup-type steel flexspline.

Two bonding methods may be applied in joining the three parts of the flexspline
as shown in Figure 6. Figure 6a shows the bonding method in which the composite
tube is adhesively-bonded to the inside surface of the steel tooth, while, in Figure 6b,
the composite tube is adhesively bonded to the outside surface of the steel tooth.
Since the torsional stiffness and torque transmission capability of the adhesively-
bonded joint increases as the average radius of the adhesive area increases, in this
work the outside bonding as shown in Figure 6b was selected.

Since the buckling failure, as well as the shear failure, is important for the thin-
walled torsional composite tube, the critical torsional buckling torque and the maxi-
mum shear torsional shear stress were calculated using the previous research results.
The maximum torsional shear stress 7., was expressed by Eq. (1).!?

T

— max 1
2ar’t M

Tmax
where T, is the applied maximum torque, r is the mean radius and t is the
thickness of the tube.

The critical buckling torque 7, was expressed by Eq. (2).!3

T, =244(C)(D,,)*"* (4, )¥2(r,)>* (L)~ 12 )

where, L is the tube length, 4, the extentional stiffness, D,, the bending stiffness,
and C is the end-fixity coefficient which is 0.925 for the simply-supported and 1.03
for the clamped end.

Since the torque transmission characteristics of the flexspline is most important,
the stacking sequences [ +45],¢ or [ +45],; should be employed to make shear
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FIGURE 5 Shapes of the developed composite flexspline: a) three parts and b) assembled shape.

properties maximum.'#**> The subscripts n, S and T represent the number of plies,
symmetry and totality of plies, respectively. If the prepreg is laid-up in the symmetric
mode, there exists a seam between prepreg plies. Therefore, the stacking sequence
[ +45],;, which does not have fiber discontinuity, was employed in this work.

The high strength carbon fiber epoxy prepreg, which was manufactured by
Sunkyong Fiber Co.,'® was hand laid-up and cured by an autoclave vaccum bag
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FIGURE6 Bonding of the composite tube to the steel tooth: a) inside bonding and b) outside bonding.

degassing molding process. The tensile property of the undirectional composite was
determined by ASTM D 3039-76 and the shear property was determined by ASTM
D 3518-76. Table I shows the measured properties of the carbon fiber epoxy com-
posite material.

TABLE ]
Mechanical properties of the USN 150 uni-directional
carbon fiber epoxy composite by ASTM 3039-76

Tensile modulus 0°(Ep) 130GPa
90° (Ey) 8GPa
Shear modulus (G 1) 6GPa
Tensile strength 0°(X) 1,800 MPa
90°(Y) 60 MPa
Shear strength (S) 75MPa
Poisson’s ratio (v, 1) 028

Thickness per ply 0.15mm
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The properties of the composite laminate whose stacking sequence was [ +45],7
was calculated by the classical laminated plate theory!’ as shown in Table IL.

The adhesive material used was HYSOL EA 9309.2 NA.!8 The tensile property of
the adhesive was determined by ASTM D 638-89, the shear property was deter-
mined by ASTM D 3518-76 and the lap shear strength was determined by ASTM D
1002-72. Table III shows the measured properties.

Since the inner diameter of the composite tube is the sum of the outside diameter
of the boss section and twice the adhesive thickness, the adhesive thickness must be
determined first in order to determine the dimensions of the composite tube.

The adhesive thickness affects the torsional strength of adhesively-bonded tubular
lap joints. Even though there have been many investigations on adhesively bonded
tubular lap joints,'®~2! the real dynamic characteristics of adhesively-bonded tubu-
lar lap joints have seldom been accurately predicted because they are dependent on
the surface roughness of the adherend, humidity, cure condition and the bonding
skill of personnel. Since a research result on the fatigue strength of the adhesively
bonded tubular single lap joint suggested, the use 0.1 mm adhesive thickness,? this
value was chosen.

In order to determine the thickness of the composite tube, Eq. (1) was changed to
the following form:

2T, 2T,

max __ max max (3)

T = = =
max - 2mr?t  m(D;+ )%t nD?t+2nDit? + ntd
13 ] i

where D, is the inner radius of the tube.
The shear strength, t_,, of the composite material with stacking sequence
[ +45],; was 445 MPa, which was measured by ASTM D 4255-83. When four plies

TABLEII
Mechanical properties of the [ + 45],, laminated composites
Longitudinal elastic modulus (E,) 20.55GPa
Transverse elastic modulus (E,) 20.55GPa
Longitudinal transverse Shear modulus (G, ,) 33.54GPa
Poisson’s ratio (v,,) 0.712
TABLE 11
Properties of the HYSOL EA 9309.2 NA adhesive
Mixing ratio by weight 100:22
(Resin:Hardener)
Minimum curing time 7 day (at 25°C)
1 hour (at 75°C)
Mixed viscosity 1,500 Poise
Service temperature 80°C
Tensile modulus 1.43GPa (at 25°C)
Shear modulus 0.51 GPa (at 25°C)
Tensile strength 42.0MPa (at 25°C)

Lap shear strength
Lap shear strain limit
Poisson’s ratio

14.2 MPa (at 25°C)
0.11
0.40
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were stacked, the thickness of the composite tube was 0.6 mm and the inner radius of
the composite tube was 62.4 mm. Then, the shear stress of the tube when the maximum
instantaneous torque 150 N'm was applied, was 40.1 MPa from Eq. (3). Since the
safety factor was 11.1 in this case, this value of composite thickness was selected.

In order to determine the bonding length for the composite flexspline, the non-
linear adhesive properties must be included because the majority of the load transfer
of the adhesively-bonded joint is accomplished by the nonlinear elastic behavior of
the adhesive.

Several researchers included the nonlinear adhesive properties in their analyses
through stress-strain curves composed of two parts: linear elastic and nonlinear
plastic.?> The two-part representation of the stress-strain behavior requires the
elastic strain limit and the magnitude of the strain must be compared with the elastic
strain limit in numerical calculation.

Therefore, in this paper, the shear stress, t,, versus shear strain, y,, curve of the
adhesive was represented by one curve using two parameters, the initial shear
modulus, G,, and the ultimate shear strength, 7,,, as follows.

T, = T, (1 — e ~Geltma) @)

Figure 7 shows both the experimental shear stress-strain curve and the Eq. (4) for
HYSOL EA 9309.2 adhesive. Table III shows the properties of the adhesive. From
Figure 7, it was found that Eq. (4) could represent the experimental data with less
than 7% error, which was a better representation than the linear elastic-plastic
curve.

For the adhesive single lap joint, as shown in Figure 8, the relationship between
the torque, T, in the steel adherend, the torque, T, in the composite adherend and
the applied torque, T, can be represented by the following equation.**

w5 J. 18 J
T=T,+ T, ===+ = constant (5
ry T’y
20
] By Eq. (4) -
a Experimental _
15 i
@ 3 = 77
a ] /"
Z 10 J
" ] #
%] ] ,
g 9 a4/
=
& ]
O 3 1 1T 1T 7T T 1T T L2 L B N T 1 7
0 5 10 15 20
Strain (%)

FIGURE 7 Shear stress-strain curve of the epoxy adhesive (HYSOL EA 9309.2).
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Composite tube ., Adhesive Steel tube
T r| n T
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FIGURE 8 Configuration of the adhesively bonded tubular single lap joint.

where, 1%, is the shear stress of the steel tube at ry, 15, the shear stress of the
composite tube at r,, J, the sectional polar moment of inertia of the steel tube, and
J. the sectional polar moment of inertia of the composites tube.

Assuming that the adhesive is an isotropic material and the thickness of the
adhesive is small, the variations of the torque in z-direction are expressed as follows.

T

ddzc = 2nriz, (6)
T

ddzs =2nri1, W)

where, r, =(r, +r,/2) is the average radius of the adhesive.
The geometric compatibility between the shear strain of the adhesive and the
shear strains of the adherends can be written as follows.

dy, _ste—ygﬁzl(Ts'rl _ Tc'r2>

dz ~ ¢ t,\GyJ, Gy J,

1{Tr r, r,
== - °T, 8
tu { ;H. ‘]s <G:0 Js * Gch)' ‘]c ¢ ( )

where ¢, is the shear strain of the composite tube at r,, y;, the shear strain of the
steel tube at r, t,(=r, —r,;) the thickness of the adhesive and G, G, the shear
moduli of the composite tube and the steel tube, respectively.

Differentiating Eq. (8) with respect to z, the following equation is obtained.

d*y 1/ r r, \dT
Sla_ 2 Ll 9
dz? t, (G:o- Jy * Gy lJ.) dz ©)

Combining Egs. (4), (6) and (10), the governing differential equation of the shear
strain of the adhesive was obtained as follows.

d*y, 2mr:( r, r,
a _ a. cx (] — ¢ ~Galtmva
21 \eyu gy fime )

=5.rm.(1_e"ca/fm')’a) (10)

Q

a 4
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where,

2mr? r r
5 — a, 1 2
t <G;r;'-]s * ng'*]c> (1

a

The boundary conditions for Eq. (11) are as follows.
When z=0,T,=T, T,=0

2] o (G) "

%—Z_O =74(0) =01, (1 — ¢ ~Oulmmi®) (13)

d3y, ] Gutm-

= | 7a'(0) = 0-G,o(e ~ O/ 14D)- 7 (0) (14)
When z=1I, T.=0, T.=T

AR v

Equation (10) was solved numerically?® by using the Taylor series expansion
method as follows.

n? 13
v 2+ Ry =7,02)+7,(2)-h+ y’a’(z)'7 + . (2) 3 + - (16)
hz
Vaz+h)= V;(Z)+;';’(Z)'h+"/;"(Z)'3+ (17)
Y z+h) =y 4y (@) h+ - (18)
Pz + =72+ (19)

where 7,(z) is the shear strain at distance z and h is the incremental distance along
the z-axis.

The maximum torque capacity can be calculated by assuming that either end of
the adhesive reaches the failure shear strain 7. Since the first derivative of the shear
strain y', becomes smaller as the shear strain approaches the failure strain, which
end will reach the failure strain first can be determined by comparing |y',(0)| and
|y',(1)]. Then the other end should satisfy the condition of the first derivative of the
shear strain. In this work, the first adhesive failure occured at z = 0. Since the first
derivative contains the applied torque, T, this condition gives the maximum torque.
In the numerical calculation, the first trial value of T was calculated by assuming
that all the adhesive reaches the ultimate shear stress, 1,,, and then the value of torque
was decreased successively to satisfy the first derivative of the boundary conditions.

Table IV shows the data for the adhesively-bonded single lap joint used to manu-
facture the composite flexspline. In Table IV, the steel and composite tube were
assumed to be isotropic and orthotropic materials, respectively.

Figure 9 shows the maximum torque transmission capability of the adhesive joint
of Figure 8 with respect to the bonding length when the data in Table IV were used.
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TABLE IV
Data of the adhesively-bonded single lap joint used to manufacture the composite flexspline
HYSOL EA Steel tube Composite tube
9309.2 NA (S45C) [£45],,
Shear modulus (GPa) 0.51 80 33.54
Shear strength (MPa) 14.2 not required not required
Shear strain limit 0.11 not required not required
Thickness (mm}) 0.1 0.38 0.6
Inner radius (mm) 30.7 314
Outer radius (mm) 31.08 32.0

600

500 4
400 J

300 |

Tmax (N . m)

200

100 ]

O 1 1 7T
0 2 4 6 8 10

T =TT T T T

¥ A
12 14 16 18 20

Bonding length (mm)

FIGURE9 Effect of the bonding length on the maximum static torque transmission capability.

Since the maximum torque became saturated when the bonding length was larger
than about 10mm, a 7mm bonding length was chosen. Figure 10 shows the shear
strain and shear stress distributions in the adhesive when the bonding length is
7mm and the maximum static torque is 490 N-m. Since the required torque of the
designed harmonic drive is 150 N-m, it was found that a 7mm bonding length is
enough for the torque capacity.

Figure 11 shows the shear strain and shear stress distributions in the adhesive
when the bonding length is 7mm and the applied torque is 150 N-m.

From Figure 11, it was found that the shear stresses at z=0 and z =1 were 7.6 MPa
and 6.2 Mpa, respectively, which were less than the adhesive shear strength,
142 MPa. Then, the total length of the composite tube was determined to be
30.88 mm.

Figure 12 shows the final dimensions of the composite flexspline.

In order to check the buckling failure of the designed composite tube using Eq. (2),
the values of A;, and D,, were determined using classical lamination plate theory,

as follows.
A, =2152MN/m

D,,=0485N'm
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FIGURE 10 Shear strain and stress distributions in the adhesive when the bonding length is 7mm and
Tmax =490 N-m is applied to the joint: a) shear strain and b) shear stress.

max

Since the input and output shafts of the flexspline are usally simply-supported by
ball bearings, the end fixity constant C was selected to be 0.925.

Using these values, the critical buckling torque was calculated to be 610 N-m.
Since the safety factor for the buckling torque was over 4.0, the designed flexspline
was satisfactory. With the specifications determined so far, the adhesively-bonded
composite flexspline was manufactured.

Figure 13a shows the separately-manufactured boss, composite tube and tooth
section. Figure 13b shows the assembled composite flexspline using adhesive bond-
ing technology. Figure 13c shows the conventional S45C steel one-piece flexspline.

In the adhesive bonding of the three parts of the composite flexspline, the jig as
shown in Figure 14 was used for the concentric bonding operation.

EXPERIMENTS AND DISCUSSIONS
The static torque transmission capability of the adhesively-bonded composite flex-

spline was compared with that of the conventional one-piece S45C steel flexspline.
In order to give the flexspline the same conditions as induced in the assembled state
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FIGURE 11 Shear strain and stress distributions in the adhesive when the bonding length is 7mm and
T =150N-m is applied to the joint: a) shear strain and b) shear stress.

with the wave generator, the elliptic jig as shown in Figure 15 was manufactured
and used in the tests of torque transmission capability.

Figure 16 shows the static torque transmission capabilities of the adhesively-
bonded composite flexspline and the conventional S45C steel flexspline. The torque
transmission capabilities were measured with the multi-axial material testing system
MTS 319.10.2¢

In the torque transmission tests, the adhesively-bonded composite flexspline failed
at the adhesively-bonded area between the composite tube and the tooth section,
while the S45C steel flexspline failed at the edge between the tube and the flange as
shown in Figure 17. Since the torque transmission capability of the adhesively-
bonded composite flexspline was more than 475N-m, it was concluded that the
developed flexspline had enough torque transmission capability compared with the
required maximum average and maximum instantaneous torque transmission capa-
bilities, and that the developed calculation method for torque capacity using the
nonlinear shear stress-strain gave a fairly accurate estimation, with an error less
than 5%.

The torsional stiffness of the harmonic drive is defined as the ratio of the applied
torque to the twisting angle. The initial stiffness of the harmonic drive, which is
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FIGURE 12 Dimensions of the developed composite flexspline.

measured at a torque less than one-half of the rated capacity, is important when it is
employed as a precision servo drive mechanism. Therefore, the stiffness of the har-
monic drive is usually determined near the initial slope.?’

Figure 18a shows the method of stiffness determination. The initial stiffness, K, is
determined in the range of 0 to 10% of the average maximum torque, the intermediate
stiffness, K,, in the range of 10 to 50% of the average maximum torque and the
maximum stiffness, K, in the range of 50% to the maximum torque. From Figure 18a,
K, and K, are important for a precise servo drive mechanism. Figure 18b shows the
stiffness of the adhesively-bonded composite flexspline and Figure 18c shows the
stiffness of the conventional S45C steel flexspline. In Figure 18, the applied torques
T, and T, were 10N and 50N, respectively. The testing system used was the
MTS 319.10.

From the experimental results of Figure 18, it was found that the stiffnesses K,
and K, were increased 53% and 22%, respectively, compared with those of the
S45C steel flexspline.

In order to measure the radial stiffness of the flexspline, the stiffness measuring
device shown in Figure 19 was manufactured.

In the measurement of the radial stiffness, weights on the flexspline were increased
and corresponding displacements were measured after a reference initial displace-
ment was defined with a gauge block. When the applied weight on the flexspline was
40 N, the radial displacements of the composite flexspline and the steel flexspline
were 693 um and 679 um, respectively. In this case, the radial compliances of the
composite flexspline and the steel flexspline were 17.32um/N and 16.97 um/N, re-
spectively. Accordingly, it was found that the radial compliance of the composite
flexspline was increased about 2% compared with that of the steel flexspline.

The vibrational characteristics of the flexspline were measured by the impulse-
frequency response. The apparatus for measurement was a dual channel fast Fourier
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(a)

(b)

(c)

FIGURE 13 Manufactured flexsplines: a) boss, tube and tooth sections, b) assembled composite flex-
spline and c) one-piece steel flexspline. See Color Plate 1.

transform analyzer (B&K 2032), a charge amplifier (B&K 2635), an impulse ham-
mer (B&K 8202), an accelerometer (B&K 4374), a force transducer (B&K 8200),
and a personal computer for data acquisition. Two impulses were given to the
flexspline in both the radial and torsional directions as shown in Figure 20.
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FIGURE 14 Configuration of the adhesvie bonding assembly.
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FIGURE 15 Elliptic jig shape for the static torque transmission capability test.

Figure 20a shows the measurement in the radial direction and Figure 20b shows the
measurement in the torsional direction. In order to measure the torsional vibration
characteristics of the flexspline, a small steel tip for accelerometer mounting adhes-
ively-bonded as shown in Figure 20b and an impulse was given to the opposite
position of the accelerometer.

Table V shows the experimental results.
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FIGURE 17 Fracture sites of the flexsplines: a) composite flexspline and b) steel felxspline. See Color

Plate I1.
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FIGURE 16 Static torque transmission capabilities of the flexsplines.
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FIGURE 18 Torque-twisting angle curves for determination of circulation direction stiffness: a) general
type, b} composite flexspline and c) steel flexspline.

TABLE V
Fundamental natural frequencies and damping ratios
Mode Frequency (Hz) Damping ratio ({)
Composite Radial 475.0 0.00351
flexspline Twisting 396.5 0.00432
Steel Radial 416.5 0.00171
flexspline Twisting 368.5 0.00147

From Table V, it was found that the fundamental natural frequency and damping
of the adhesively-bonded composite flexspline were increased 14% and 105%,
respectively, in the radial direction, and 7.5% and 190%, respectively, in the tor-
sional direction, compared with those of the S45C steel flexspline.
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FIGURE 19 Measurement of the radial stiffiness of the flexspline. See Color Plate II1.
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FIGURE20 Experimental setup for the impulse - frequency response test: a) radial vibration and
b) torsional vibration.
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CONCLUSIONS

In this work, a new manufacturing method for the cup-type composite flexspline for
a harmonic drive was developed using adhesive joining technology to obviate the
manufacturing difficulty of the conventional one-piece, cup-type steel flexspline and
to improve the dynamic characteristics of the flexspline. The boss, tube and tooth
sections of the flexspline were manufactured separately, and adhesively bonded. The
boss and tooth sections were made of S45C steel and the tube section was manufac-
tured with high-strength carbon fiber epoxy composite material. The torque trans-
mission capability of the adhesively-bonded joint of the flexspline, was numerically
calculated using a*nonlinear adhesive shear stress-strain model.

The static and dynamic characteristics such as the torque transmission capability,
radial and torsional stiffnesses, natural frequency and damping capacity of the
adhesively-bonded composite flexspline were measured and compared with those of
the conventional one-piece, cup-type steel flexspline. From the experimental investi-
gation, the following conclusions were made:

(1) The adhesively-bonded composite flexspline had enough torque transmission
capability.

(2) The nonlinear shear stress-strain model was adequate for the calculation of the
properties of the adhesively-bonded joint design.

(3) The torsional stiffnesses of the adhesively-bonded composite flexspline were
increased more 50 and 20% in the initial and intermediate torque ranges, respect-
ively, compared with those of the conventional one-piece S45C steel flexspline.

(4) The radial compliance of the adhesively-bonded composite flexspline was in-
creased 2% compared with that of the steel flexspline.

(5) The natural frequencies at the radial and torsional modes were increased 14%
and 7.5%, respectively, compared with those of the conventional one-piece S45C
steel flexspline.

(6) The damping capacities in the radial and torsional modes were increased 105%
and 190%, respectively, compared with those of the conventional one-piece
S45C steel flexspline.
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