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achieve ﬂexible adjustment of the spring constant without changing geometric size. Five
types of composite helical springs were fabricated by controlling different reinforcement
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Introduction

A spring, a kind of shock absorber in the industrial ﬁeld,
can store strain energy to a speciﬁed displacement when
load is applied. Although the traditional spring is currently
widely used, their disadvantages limit the further development, such as high weight, low damping, and easy oxidization
and corrosion, resulting in low fuel efﬁciency, high noise,
and short service life [1]. Fiber reinforced polymer composites possess better strain energy storage ability, higher
strength, and less weight [2–4], therefore, ﬁber reinforced polymer composite were adopted to replace traditional springs
considering the weight reduction, performance enhancement
and chemical resistance [5–8]. Mahmood et al. [9] designed
and analyzed unidirectional E-glass ﬁber leaf springs with
weight reduced by 80%. Gulur et al. [10] fabricated a monoﬁber reinforced polymer (FRP) leaf spring with end joints
using glass–epoxy ﬁber. Gebremeskel [11] introduced a prototype of a single composite leaf spring for a lightweight
vehicle. Senthilkumar et al. [12] designed and manufactured a
glass FRP (GFRP) leaf spring. Corvi et al. [13–18] applied the
FEM to study composite leaf springs. Both leaf spring and
helical spring are two typical springs widely used in industries. The leaf spring, in the form of plate, is comparatively
simple to fabricate in composite processing. However, due
to the spiral structure of helical spring, the fabrication is
challenged and the investigations on mechanical property
characterization and damage analysis are more complicated.
Therefore, compared with the researches on leaf spring, insufﬁcient research has been undertaken so far to investigate
practical uses of FRP helical springs. Chiu et al. [5,19] and
Manjunatha et al. [20] conducted experiments to determine
the mechanical behaviors and performance of helical composite springs with structures of different materials. Zebdi
et al. [21] optimized composite helical springs with three
braided reinforcements using a multi-objective evolutionary algorithm. Yildiram [22] and Sancaktar [23] studied the
vibration characteristics of cylindrical helical springs of a unidirectional composite. From above researches, it is evident
that the composite helical spring has potentials in performance improvement and weight reduction compared with
those of metal helical springs. But the above studies roughly
compared the spring modulus of unidirectional and braided
springs, and did not accurately investigate how to adjust the
spring constant, which is one of the most important parameters. Moreover, the fabrication method of above composite
helical springs was mainly winding formation, causing rough
composite surface and high internal porosity and leading to a
high rejection rate and high manufacturing cost, severely limiting their application [6,24]. Moreover, the adjustment of their
spring constant still depended mainly on the shape, dimensions and material properties, similar to the conventional alloy
springs [25].
To overcome the abovementioned problems, composite
helical springs with smooth surface and minimum internal
void were manufactured by an integrated formation process
based on the vacuum assisted resin infusion (VARI) technology. The composite multistrand helical springs (CMHSs)
thus developed could simultaneously control the spring con-

Table 1 – Comparison of designed and experimental Vf
of ﬁve CMHS types.
Specimen
Theoretical
Experimental
Variation

CMHS45% CMHS45% CMHS45% CMHS4 CMHS6
45%
44.1%
0.9%

50%
50.9%
0.9%

55%
56.5%
1.5%

55%
53.6%
1.4%

55%
56.2%
1.2%

stant precisely and quickly, without changing the appearance
and shape. Meanwhile, the internal regulation mechanism of
CMHSs with an adjustable spring constant was further analyzed by simulation and it was found that the adjustment of
the spring constant was the result of changes in the internal
structural stress. With the increase in ﬁber volume content
(Vf ) and the reinforcement twist of the spring, the stress of
the corresponding part could be improved and the stress of the
spring’s reinforcement structure was homogenized, providing
greater load-carrying capacity while maintaining the advantages of light weight, corrosion resistance, and long service life
of composite helical springs.

2.

Fabrication and simulation

2.1.

Fabrication of composite helical spring

In this study, CMHSs were fabricated using an integrated forming process based on the VARI technology. The carbon ﬁber
tow (Toray® , T300-3K), epoxy resin (GCC-135, Kunshan Lvxun
chemical Ltd. Co, China) and hardener (GCC-137, Kunshan
Lvxun chemical Ltd. Co, China) were used in the fabrication of
CMHSs. The fabrication process involved the steps shown in
Fig. 1. A twisting device was used to adjust the reinforcement
structure of twisted multistrand carbon ﬁber (CF). The multistrand CF was then inserted into a soft pipe that was used
to control the spring wire diameter to form preform. In the
VARI device, the preform was slowly and uniformly impregnated with epoxy resin at the positive pressure of 0.3 MPa
for the pressure pump’s position and the negative pressure
of 0.09 MPa for the vacuum pump’s position. The vacuum
defoaming method was adopted to eliminate the bubbles in
the resin, water bath with the temperature among 70–80 ◦ C
and gradual increase of vacuum pressure were applied to
guarantee the full inﬁltration of carbon ﬁber. Finally, the fully
impregnated preform was placed into a shaping mold with
a circular cross section for curing at room temperature for
48 h. Composite helical springs with geometries of L = 126 mm,
D = 63 mm, P = 42 mm and d = 8 mm were obtained.
Five CMHSs were prepared in this study: three types of
twistless CMHSs (preparation of which omitted the described
twisting process) with Vf of 45%, 50%, and 55%, respectively, hereinafter referred to as CMHS45%, CMHS50%, and
CMHS55%, and two twisted CMHSs with Vf of 55%, having
twists of the reinforcement structure of 4r/10 cm and 6r/10 cm,
hereinafter referred to as CMHS4 and CMHS6. The Vf was veriﬁed according to ASTM D3171 for the CMHSs and compared
with the designed values, as shown in Table 1. It can be seen
that the experimental values were similar to the designed values, with the maximum difference of 1.5%, demonstrating the
accuracy of the CMHSs preparation process.
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Fig. 1 – CMHSs preparation by integrated forming process using VARI technology.

2.2.

Compression tests

The mechanical properties of the CMHSs were tested by a computer servo control material testing machine (Instron 5969,
USA) at the speed of 1 mm/min. To ensure accuracy of data,
ﬁve specimens were tested for each type of CMHS. The test
system automatically recorded the data of an applied force
and the corresponding compression at each sampling interval, providing immediate load-displacement curves for each
spring during testing.

2.3.

FEM of CMHSs

Three-dimensional geometric models of CMHSs were established using CATIA software based on the dimensions of the
prepared CMHSs, as shown in Fig. 2(a). Considering the ﬁbers
and resins of the twistless CMHSs as a whole model due
to their internal reinforcement structure with unidirectional
ﬁbers, the center curve equation [26] of the twistless CMHSs
in the primary coordinate system (O X Y Z) can be expressed
as:



(x, y, z) = O2 R cos , R sin ,


P
2

between ﬁlaments could be neglected. The ﬁber bundles
between strands could be regarded as a whole upon which
to build the reinforcement structure model of the twisted
CMHSs. Then, the outer resin of the CMHSs can be established using the Boolean operation function in the CATIA
software. Due to the complexity of the center curve of the
strands in CMHSs, it is difﬁcult to solve the modeling problem
using traditional methods. Therefore, the system coordinate
transformation commonly used in differential geometry was
adopted with details as be found in Ref. [27].
Here, a right-hand rectangular coordinate system, i.e., the
subordinate coordinate system (O1 X1 Y1 Z1) ﬁxed on the center curve of the spring, was established, in which the Z1 axis
was tangential to the central curve of the spring and the X1
axis was always parallel to the XOZ plane. After coordinate
transformation, the center curve equation of the strands in
the CMHS in the primary coordinate system (O X Y Z) could be
expressed as:

⎧
⎨ a = r cos ϕ cos  + r sin ϕ sin ˛ sin  + R cos 
⎩

b = r cos ϕ sin  − r sin ϕ sin ˛ cos  + R sin 

(2)

c = r sin ϕ cos ˛ + P/2

(1)

where R represents the radius of the central curve of the
spring; P is the screw pitch of the central curve of the spring;
 is the rotating angle of the central curve of the spring.
Thus, models of the reinforcement structure and resin of
the twisted CMHSs were established to analyze the twisting
structure accurately. The twisted CMHSs were cured products after resin injection, hence the sliding friction behavior

where r is the radius of the axis distribution of strands; ϕ is
the polar coordinate angle of strands around the center curve
of the spring and ˛ is the helix angle of the CMHS.
On the basis of the center curve of the spring and the
center curves of strands, solid models of CMHSs were established. The models of the CMHSs were imported into ABAQUS
to establish the discrete local coordinate system, as shown in
Fig. 2(b), in which 1 is the axial direction of the ﬁber, 2 and 3 are
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Fig. 2 – (a) 3D solid models of CMHSs, (b) local coordinate of models, and (c) mesh of models.

Table 2 – Material properties of carbon ﬁber/epoxy [30–33].
Carbon ﬁber
Elastic modulus (GPa)
Poisson’s ratio
Shear modulus (GPa)
Density (kg/m3 )
Diameter (mm)

E11 = 230
v12 = 0.256
G12 = 27.3
1800
0.007

the transverse directions. Therefore, the elastic parameters of
composite spring do not need consideration of coordinate conversion. Table 2 provides the elastic properties of carbon ﬁber
and epoxy resins that can be directly applied to the models of
reinforcement and resin of the twisted CMHSs, respectively,
and the elastic properties of twistless CMHSs are derived by
homogenization [28]. The twistless CMHSs and the reinforcement structures of the twisted CMHSs were modeled by C3D8R
(an 8-node linear brick with reduced integration and hourglass
control [29]), and the outer resin of the twisted CMHSs were
modeled using the C3D10M (a 10-node modiﬁed quadratic
tetrahedron [29]), as shown in Fig. 2(c). To reduce computational costs, rigid elements (R3D4) were used for modeling the
upper and lower plates [30]. The loading and constraint conditions in the FE model are consistent with the experiment
conditions.

3.

Results and discussion

3.1.

Compression property of CMHSs

The load-displacement curves for each spring under compression testing and the calculated spring constants are shown
in Fig. 3. The CMHSs exhibit stable linear elastic compressive properties and the maximum load (Fmax) of the CMHSs

Resin
E22 = 10
v13 = 0.256
G13 = 27.3

E33 = 10
v23 = 0.300
G23 = 3.85

E = 3.05
v = 0.41

is proportional to the Vf and the reinforcement twist, as
shown in Fig. 3(a). The Fmax of CMHS55% is 90.2 N, i.e.,
increases of 66.8% and 22.9% respectively relative to CMHS45%
and CMHS50%, which has Fmax of 73.5 N and 54.1 N, respectively. As the number of ﬁbers in the CMHSs increases, the
load-carrying capacity of the CMHSs increases. The Fmax of
CMHSs with Vf of 55% is increased by 35.1% and 63.0% respectively when the twist increases from 0r/10 cm to 4r/10 cm
and 6r/10 cm. Because the CMHSs are subjected to the combined effects of bending and torsion during compression and
the twisting direction of reinforcement structure of CMHSs is
the same as that of the torsion direction of the CMHSs, the
strands in the CMHSs forcefully adhere to each other. With
the increase of twist, the cohesion between ﬁbers becomes
tighter, hence producing sufﬁcient force to transfer easily and
evenly between ﬁbers and ultimately improving the compression performance of the spring. As shown in Fig. 3(b), the
spring constants of the CMHSs are directly proportional to Vf
and the reinforcement twist. Among the twistless CMHSs with
different Vf , the spring constants of CMHS50% and CMHS55%
increase by 36.3% and 67.4%, respectively, relative to that of
CMHS45%. Among the CMHSs with the same Vf of 55%, the
spring constants of CMHS4 and CMHS6 increase by 35.0% and
62.8%, respectively, relative to the CMHS55%, indicating that
twist plays a positive role in enhancing the spring constant.
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Fig. 3 – (a) Load-displacement curve of CMHSs and (b) column diagram of spring constant of CMHSs.

Simultaneously, it can be seen that the simulation results are
in good agreement with the experimental results.

3.2.

Stress evolution of CMHSs

To analyze the stress evolution of CMHSs with adjustable
spring constants during the compression process, von Mises
stresses at four displacement points in a CMHS are shown
in Fig. 4. The total compression displacement is divided into
three parts of 13.33 mm, i.e., 33.33% of the total compression displacement. Clearly, the local von Mises stress of the
CMHS increases with the increase of compressive displace-

ment and the Von Mises stress of the CMHS in each loop is
the same. The stress concentration region in the structure of
the twistless CMHSs is located in the internal radial zone, as
shown in Fig. 4(a), and the stresses of CMHS45%, CMHS50%,
and CMHS55% increase gradually, among which the maximum
stresses of CMHS50% and CMHS55% increase by 55.6% and
100.0%, respectively, compared with that of CMHS45%. These
ﬁndings show that an increase in Vf leads to increases of stress
in the corresponding parts of the CMHSs, reﬂecting the constant regulating mechanism of the spring. Each strand of the
CMHS4 and CMHS6 reinforcement is subjected to a uniform
force, more consistent than that of twistless CMHSs, as shown

Fig. 4 – Von Mises stresses of (a) CMHS45%, CMHS50%, and CMHS55%, (b) reinforcement structure of CMHS4 and CMHS6,
and (c) outer resin of CMHS4 and CMHS6 during compression.
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in Fig. 4(b). The stresses in CMHS4 and CMHS6 reinforcements can reach 250 MPa and 350 MPa, increases of 177.8%
and 288.9%, respectively, relative to CMHS55%, indicating that
twisting results in a uniform distribution of stress in the internal structure. The analysis of stress distribution in the resin of
twisted CMHSs, as illustrated in Fig. 4(c), reveals that the stress
in the external radial zone is lower than that in the internal
radial zone. The texture left by the reinforcement structure of
CMHS6 is more blurred than that of CMHS4, due to the tight
bonding between the strands after the twist increases, resulting in a smaller distance between the textures. Moreover, the
stress of the resin is much lower than that of the reinforcement in twisted CMHSs. The main force-carrying structure of
the CMHSs is the reinforcement structure composed of ﬁbers,
whereas the functions of resin in the whole CMHS are interface bonding and stress transfer.

3.3.

Cross section stress of CMHSs

To reveal more detail of the mechanism for constant regulation of the springs, study of the evolution of stress on the cross
section of a CMHS was undertaken over eight sections laid out
at angles of 45◦ beginning from the horizontal plane where
the frontal projection of a composite spring was represented,
as illustrated in Fig. 5. With the addition of the ﬁber content
of twistless CMHSs, equivalent stress continued to increase,
as shown in Fig. 5(a), which is similar to the pattern shown in
Fig. 4(a). Moreover, it should be noted that the equivalent stress
is more dominant along the external radial ﬁber (Fex) and the

internal radial ﬁber (Fin). Furthermore, the minimum stress
level is located in the center of the twistless CMHSs cross section. This may be explained by the combined effect of torque
and bending moments that generate maximum stresses at the
contours of the cross sections of the twistless CMHSs. In the
range of 0◦ –360◦ , with an increase of the angle, the equivalent stress of the corresponding parts ﬁrst increases and then
gradually decreases. Thus, the stress is maximal on the internal radial zone at the 180◦ section, where the load-carrying
capacity is the greatest and the ﬁbers are easily broken. The
stress distribution on multiple strands of the twisted CMHSs
is more uniform, as shown in Fig. 5(b) where, in the range
of 0◦ –360◦ , the change of equivalent stress in corresponding
sections is not obvious. The results show that the twisted
reinforcement has better stress transfer ability among ﬁbers
of the strand. Thus, the contribution of ﬁbers increases and
the phenomenon of stress concentration is avoided, resulting in effective improvement of the spring modulus. Besides,
the regions with greater load-carrying capacity of the reinforcement structures of CMHS4 and CMHS6 are located in the
outer outline and the central part, respectively. Because of the
excessive twisting, extrusion occurs between strands, leading
to the larger force in the center.

3.4.

Angle–stress curve of CMHSs

To analyze the stress evolution of CMHSs along the spiral path,
ﬁve reference curves were speciﬁed for the twistless CMHSs,
namely internal radial ﬁber (Fin), external radial ﬁber (Fex),

Fig. 5 – Von Mises stress distribution in (a) CMHS45%, CMHS50%, and CMHS55% sections and in (b) CMHS4 and CMHS6
sections.
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ﬁbers of the left side (Fl), ﬁbers of the right side (Fr), and central ﬁber (Fc), as shown in Fig. 6(a). The stress of one circle of
the CMHSs after compression was extracted as representative.
As shown in Fig. 6(b), the corresponding angle-stress curves
along the ﬁve reference curves can be plotted according to the
primary coordinate system. Under axial compression loads,
the equivalent von Mises stresses have nearly cyclic sinusoidal
behavior as a function of the primary coordinate system. Maximum and minimum levels of the equivalent stresses of the
sinusoid are located at 180◦ (maximum) and 0◦ (minimum),
respectively. Then, the stress values of the ﬁve reference
curves are compared. The stress does not reveal signiﬁcant
variation when the angle varies in Fl, Fr, and Fc. Only Fin and
Fex are inﬂuenced by the angle distinctly. When the angles of
the ﬁve curves are equal, the gradual decrease of equivalent
stress levels of the reference curves can be observed from Fin,
Fex, Fl, and Fr (Fl and Fr being approximately equal), while
Fc is the least exposed to internal stress (having the lowest
stress levels) compared to the other ﬁbers. The reason for this
phenomenon is that the spring wire is affected by the torsional and bending load due to the spiral structure of spring
in the process of compressed deformation. The four reference
curves on the outside (Fin, Fex, Fl and Fr) endure more torque
than that on the inside (Fc). Moreover, the bending moment
of the Fin and Fex are also larger than that of the middle two
positions (Fl and Fr) due to the bending deformation.
The equivalent stress values of the ﬁve types of reference
ﬁber of CMHS55% at the 180◦ section increase by 29.4%, 30.4%,
20.9%, 20.9%, and 27.1% relative to CMHS50% and by 105.7%,
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111.6%, 67.7%, 66.3%, and 94.7%, relative to CMHS45% respectively. These results show that the higher the Vf , the higher
the stress level in the system.
As already shown, the regions with the greater loadcarrying capacity of CMHS4 and CMHS6 were located in the
outer outline and the central part of the reinforcement structure respectively. The reference curves of CMHS4 and CMHS6
were speciﬁed as L1 and L2 and are shown in Fig. 7(a). To allow
clearer observation of the stress difference of each strand in
the twisted CMHSs after compression, a stress nephogram of
each strand of CMHS4 and CMHS6 revolving around the center axis of the spring was extracted and is shown Fig. 7(b). The
load-carrying of each strand is cyclic and the cyclic period of
CMHS6 is smaller than that of CMHS4. The stress variation
details of one cycle were further considered, in which one
cycle was the strand rotating 360◦ along the center curve of the
spring. The equivalent stress values of the ﬁrst cycle of each
strand of CMHS4 and CMHS6 (i.e., 360◦ along the central curve
of the spring, 45◦ and 30◦ respectively along the central axis of
the spring) and the calculated average stress values of multiple
strands were extracted from the nephogram and are shown
in Fig. 7(c). The tendencies of angle–stress curves on multiple strands of CMHSs are the same, and the phase difference
is 120◦ . The maximum stress values of the multiple strands
in the ﬁrst cycle of CMHS4 increase gradually to 220.2 MPa,
224.3 MPa, and 228.3 MPa, respectively. The maximum stress
values of the multiple strands in the ﬁrst cycle of CMHS6
also gradually increase to 302.8 MPa, 308.5 MPa, and 315.0 MPa,
respectively. Furthermore, the stress values of CMHS4 and

Fig. 6 – (a) Curvilinear reference ﬁbers of twistless CMHSs and (b) Von Mises stress evolution of twistless CMHSs according
to the primary coordinates.
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Fig. 7 – (a) Reference curvilinear forms of CMHS4 and CMHS6 and Von Mises stress, (b) distribution of strands of CMHS4 and
CMHS6, (c) evolution of strands of CMHS4 and CMHS6 according to primary and subordinate coordinates, and (d) evolution
of CMHS4 and CMHS6 according to primary coordinates.

CMHS6 are cyclic functions with small amplitude, indicating
that the stress in CMHSs is more uniform. Furthermore, the
average stress of CMHS6 at each point is greater than that of
CMHS4, indicating that when the twist is adjusted from 4 to 6,
the stress value increases correspondingly, so that the spring
constant is also increased. The maximum equivalent stress
values in each cycle of strands of CMHS4 and CMHS6 rotating
360◦ around the central axis of the spring are shown in Fig. 7(d),
in which the increasing trend of the maximum stresses of
the strands are summarized. Both curve results conﬁrm the
sinusoidal behavior of the equivalent stress of CMHSs along
the primary coordinate, and the maximum stress of CMHS6 is
39.7% greater than that of CMHS4 at 180◦ . Moreover, the curves
of CMHS4 and CMHS6 are steep at both ends, indicating that
there are large stress differences among the multiple strands.
The CMHS6 curve gradually ﬂattens around 180◦ , whereas
CMHS4 still shows an obvious upward trend. This shows that
the differences among the multiple strands of CMHS6 are
greater than those of CMHS4. With the addition of the twist,
the gentle increase in range centers on 180◦ , i.e., the range of
uniform load-carrying in the CMHSs increases and thus the
spring constant improves.

3.5.
Prediction of spring constant change with twist
and Vf
To predict and control the spring constant of CMHSs at different twists and Vf accurately, the function relationship between
the correlation parameters and the spring constant should

Fig. 8 – Prediction of CMHSs spring constants as a function
of twist with experimental data.

be established. In this study, the spring constants of CMHSs
with different twists were simulated by FEM and the correlation points of the spring constant were ﬁtted to obtain
the functions under Vf of 45%, 50%, and 55%. The experimental, simulation, and ﬁtting results of spring constants are
compared in Fig. 8, showing that the trends of experimental
and simulation results are similar, i.e., the higher the Vf , the
greater the spring constant at the same twist. The adjustment
rate of the Vf to the spring constant decreases initially and
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then increases with an increase in the reinforcement twist.
When the reinforcement twist reaches 10r/10 cm, the adjustment rate of Vf to spring constant has the minimum value
compared with the other twist values. When the Vf is 50% and
55%, i.e., increases of only 10.3% and 19.2% compared with that
of 45%, the adjustment rate of reinforcement twist to spring
constant increases initially and then decreases with the same
Vf , in which the twist increases from 0r/10 cm to 15r/10 cm, the
spring constants of CMHSs with 45%, 50%, and 55% Vf increase
signiﬁcantly by 361.6%, 279.7%, and 245.1% respectively. However, when the twist increases from 15r/10 cm to 30r/10 cm,
which is the same twist increase as the previous example,
the spring constant of CMHSs with Vf of 45%, 50%, and 55%
increases by only 153.5%, 126.2%, and 114.3%, respectively. The
adjustment rate of the spring constant reaches its maximum
at 15r/10 cm and tends to zero with a gradual increase in the
reinforcement twist. This is ascribed to the twist effect on the
direction of ﬁber distribution in springs. The increase in twist
causes more ﬁbers to carry the torsional load, thereby increasing the spring constant. As twist continues to improve, volume
content of axial ﬁber decreases in the spring. Too few axial
ﬁbers have a negative effect on the overall mechanical properties of the spring. Therefore, the increment of spring constant
gradually decreases after 15r/10 cm. In order to obtain the
required spring constant, it is necessary to consider both ﬁber
volume content and twist coefﬁcient. The ﬁtting functions of
twist-spring-constant curves under three ﬁber volume contents are:
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further revealed that the stress distribution could be adjusted
by changing the twist of the CMHSs, and the twisted CMHSs
bore more load than the twistless CMHSs with the same
Vf . Finally, the ﬁtting functions of the twist–spring-constant
curves were established with Vf of 45%, 50%, and 55%, respectively. This approach would be of engineering signiﬁcance for
understanding and guiding the design of CMHS technology.
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references

45% : y = −1.127 × 10−6 · x5 + 1.235 × 10−4 · x4
− 4.910 × 10−3 · x3 + 7.682 × 10−2 · x2
−6.693 × 10−2 · x + 1.420 (R = 0.99996)

(3)

50% : y = −8.078 × 10−7 · x5 + 9.6278 × 10−5 · x4
− 4.140 × 10−3 · x3 + 6.939 × 10−2 · x2
−4.086 × 10−2 · x + 1.915 (R = 0.99956)

(4)

55% : y = −5.450 × 10−7 · x5 + 7.584 × 10−5 · x4
− 3.670 × 10−3 · x3 + 6.707 × 10−2 · x2
−3.980 × 10−2 · x + 2.322 (R = 0.99825)

4.

(5)

Conclusions

In this study, a series of CMHSs with adjustable spring constants was fabricated by an integrated forming process based
on the VARI technology. The results of compression experiments and simulation showed that the spring constant could
be effectively enhanced by increasing the ﬁber volume content and reinforcement twist of CMHSs with the same spring
size. The stress concentration of twistless CMHSs lay in the
internal radial zone at the cross section of 180◦ , but the stress
distribution of twisted CMHSs was more uniform around the
cross section. The results of angle–stress curve of the CMHSs
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