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Abstract: D-type shaft is widely used in precision machinery products such as motors and intelligent
robots. The straightness of the D-type shaft is an important factor influencing its machining accuracy
and dynamic performance, which is normally improved by the three-point pressure straightening
process. This paper proposes a general stroke-based model to predict the relevant parameters for the
straightening process of D-type shaft, considering the bending deformations in three dimensions.
The distribution of stress and strain inside the D-type shaft during the straightening process in
arbitrary position of the cross section and the bending moment are analyzed by using linear hardening
material model. The relationship between deflection and the internal stress on the loading position
is explored, and a straightening stroke model of D-type shaft is obtained. The correctness of the
stroke-based straightening model has been validated by finite element method (FEM) simulation
analysis and bending experiments. The results show that the proposed model can improve the
accuracy and efficiency of the D-type shaft straightening process. Furthermore, it provides a novel
method for the modelling of the straightening process regarding the special shaped bar stock.

Keywords: D-type shaft; prediction of straightening parameters; stroke-based straightening model;
straightening process; three-dimensional bending deformation

1. Introduction

Shaft components have a variety of structural forms in practical applications, and D-type shaft is
one of the common structural forms. The D-type shaft refers to a pure cylindrical shaft that is milled in
the axial direction by a plane and forms the special shaft type. Its cross section looks like a letter “D”
from the axial direction as shown in Figure 1. The D-type shaft has many applications, mainly for
transmission and support components in various mechanisms. D-type shafts are generally used in
mechanical products such as motors, small robots and automobile gears. The D-type shaft mechanism
is generally at the ends of motor shaft or gear shaft and is used to output the torque and connect the
coupling. The D-type characteristics on the shaft can position and guide the assembled parts, as well
as transmit motion.

Processes 2020, 8, 528; doi:10.3390/pr8050528 www.mdpi.com/journal/processes



Processes 2020, 8, 528 2 of 17

Processes 2020, 8, x FOR PEER REVIEW 2 of 17 

 

 

Figure 1. D-type cross section shafts. 

As an important part of the mechanisms, D-type shaft must ensure the output torque and the 
supporting stability. In order to obtain the designed performance, there are many technical 
requirements for machining the D-type shaft components, such as run-out tolerance, axiality 
tolerance, and straightness, which are influenced by machining and heat treatment, resulting in 
unpredictable bending deformation. Therefore, straightening is a crucial step in the D-type shaft 
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The straightening process is actually the process employing the capacity of plastic deformation 
of the metal material, in which the machined part experiences the elastic bending stage, elastic-plastic 
bending stage and the springback after the whole loading stage [1,2]. Through the theoretical analysis 
of the straightening process, based on the elastic-plastic bending theory, straightening models such 
as curvature and load straightening parameters have been obtained [3]. 

The D-type shaft is a special section form of shaft. The complicated milling and turning of shaft 
parts will influence the deformation behaviors [4]. The analysis of elastic-plastic bending process is 
the basis of the straightening model. Pei et al. [5] established a D-type shaft model for a special type 
of cross section based on the elastic-plastic bending theory, assuming the bending deformation only 
occurs on the plane of the D-type parts. Ma et al. [6] analyzed the phenomenon of neutral layer shift 
during the elastic-plastic deformation, which is helpful for the curvature research of the special 
section shaft straightening process. The elastic-plastic analysis and mathematical modeling were 
explored for different parts, and several straightening algorithms were developed based on the 
curvature and load control. [7–9]. Zhang et al. [10] established a straightening stress model based on 
elastic-plastic deformation theory and material loading characteristics. 

Establishing a straightening model based on straightening load is a common method for the 
straightening process. Some scholars established a load model of the beam bending process based on 
elastic-plastic bending and analyzed the bending behaviors under different loads [11,12]. 
Chakrabarty et al. [13] analyzed the strain changes during sheet elastic-plastic deformation and 
established a plane strain model. Based on the analysis of elastic-plastic deformation, straightening 
models with different parameters can be obtained for simple cross-section parts. Kosel [14] 
established the load-deflection model of beam. Galvis et al. [15] also solved pressure control during 
straightening process based on elastic-plastic deformation analysis. However, straightening 
machinery cannot accurately control the straightening load due to its sensors and mechanisms. 

In the straightening model, the bending curvature of the workpiece is the key variable to control 
the straightening process. Natarajan [16] established a moment-curvature relationship, in which the 
straightening process parameters of the strip was explained. Kim et al. [17] used fuzzy self-learning 
to calculate the bending curvature of the yaw axis and optimized it according to the multi-step 
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Figure 1. D-type cross section shafts.

As an important part of the mechanisms, D-type shaft must ensure the output torque and
the supporting stability. In order to obtain the designed performance, there are many technical
requirements for machining the D-type shaft components, such as run-out tolerance, axiality tolerance,
and straightness, which are influenced by machining and heat treatment, resulting in unpredictable
bending deformation. Therefore, straightening is a crucial step in the D-type shaft machining process.

The straightening process is actually the process employing the capacity of plastic deformation of
the metal material, in which the machined part experiences the elastic bending stage, elastic-plastic
bending stage and the springback after the whole loading stage [1,2]. Through the theoretical analysis
of the straightening process, based on the elastic-plastic bending theory, straightening models such as
curvature and load straightening parameters have been obtained [3].

The D-type shaft is a special section form of shaft. The complicated milling and turning of shaft
parts will influence the deformation behaviors [4]. The analysis of elastic-plastic bending process is
the basis of the straightening model. Pei et al. [5] established a D-type shaft model for a special type
of cross section based on the elastic-plastic bending theory, assuming the bending deformation only
occurs on the plane of the D-type parts. Ma et al. [6] analyzed the phenomenon of neutral layer shift
during the elastic-plastic deformation, which is helpful for the curvature research of the special section
shaft straightening process. The elastic-plastic analysis and mathematical modeling were explored
for different parts, and several straightening algorithms were developed based on the curvature and
load control [7–9]. Zhang et al. [10] established a straightening stress model based on elastic-plastic
deformation theory and material loading characteristics.

Establishing a straightening model based on straightening load is a common method for
the straightening process. Some scholars established a load model of the beam bending process
based on elastic-plastic bending and analyzed the bending behaviors under different loads [11,12].
Chakrabarty et al. [13] analyzed the strain changes during sheet elastic-plastic deformation and
established a plane strain model. Based on the analysis of elastic-plastic deformation, straightening
models with different parameters can be obtained for simple cross-section parts. Kosel [14] established
the load-deflection model of beam. Galvis et al. [15] also solved pressure control during straightening
process based on elastic-plastic deformation analysis. However, straightening machinery cannot
accurately control the straightening load due to its sensors and mechanisms.

In the straightening model, the bending curvature of the workpiece is the key variable to control
the straightening process. Natarajan [16] established a moment-curvature relationship, in which the
straightening process parameters of the strip was explained. Kim et al. [17] used fuzzy self-learning
to calculate the bending curvature of the yaw axis and optimized it according to the multi-step
straightening process. However, it is difficult to measure and control the bending accurately during
straightening process.

In this paper, considering the three-dimensional deformation caused by the “D”-section shape, a
general stroke-based modelling approach is proposed to predict the straightening parameters of the
D-type shaft. Based on the three-dimensional, the variations of the bending moment for the arbitrary
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position on the D-type section during straightening are analyzed. Based on the analysis of the loading
and unloading processes, the straightening stroke model of the three-point straightening process is
established, to predict the straightening parameters of the D-type shafts. The proposed stroke-based
straightening model clearly explains the relationship between the straightening stroke and the initial
deflection and is conducive to the precision control of the straightening process. Finally, the stroke-based
straightening approach is validated by simulation and experiments. Finite element method (FEM)
simulation and experimental research show the correctness of the proposed straightening principle for
the D-type shaft.

2. Deformation during the Straightening Process

During the processing of the D-axis, the coupling of turning and milling causes unknown
deformation to the part [4]. Material properties, heat treatment processes, and other conditions
also cause deformation to the part after processing [17]. During the machining of the D-type shaft,
the uneven machined surface causes the cutting force to be unstable and the machining stress is
produced. If the machining stress is not eliminated in the subsequent process, the residual stress is
produced. Unstable cutting forces and residual stresses cause bending to the D-type shaft. Where heat
treatment process of the D-type shaft is mainly affected by the material properties. The temperature
inside the shaft changes unevenly, resulting in bending deformation during cooling.

There are many factors that cause the D-type shaft to bend, and the cross-section of the D-type
shaft is irregular. Therefore, the processed D-type shaft forms a three-dimensional deformation, and
a general straightening stroke model is required during the straightening process. The deformation
direction of the D-type shaft is shown in Figure 2. When the direction of deformation of the D-type shaft
is different, the cross-sectional form of the D-type shaft is also different. Some factors in the process of
bending deformation analysis are related to the form of the section. Therefore, the cross-section form of
D-type shaft in different deformed directions should be considered in the process of the establishment
about the D-type shaft straightening stroke model.
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The state of the D-type shaft straightening is shown in Figure 3; the workpiece is placed between
the press head and the support. The D-type shaft undergoes elastic-plastic deformation under the
action of the press head.
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With the theory of mechanics of materials, neutral layer is not deformed when the D-shaft bending.
In the cross section, the length of each fiber layer changes except for the neutral layer. Assuming that
the position of the neutral layer is the origin, and z is the change direction of the elastic region, which
is expressed as σz = Eεz. Where εz is strain, σz is stress, and E is the Young’s modulus. With the theory
of the plane assumption, the strain εz is linearly distributed in the z direction. The strain εz at z layer in
Figure 4 is written as

εz = (ρ+ z)A− ρA = zA (1)

where ρ is the reciprocal of the curvature angle A.
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Figure 5 shows the curvature change during bending deformation at the z layer [16]. The curvature
with the unit length of the D-type shaft before straightening is assumed to be A0, and the curvature of
the D-type shaft after bending is Aw. Due to the action of the pressure head, the total curvature change
of the workpiece is assumed as AΣ, which is written as

AΣ = A0 + Aw (2)
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3. Stroke-Based Modeling Principle for the Straightening Process

3.1. Elastic-Plastic Analysis

The straightening process utilizes the elastic-plastic deformation that occurs inside the D-type
shaft. The general bending theory in references [18–20] can explain the elastic-plastic mechanical
relationship inside the D-type shaft. With the increase of bending deformation, the D-type shaft is
transformed from linear elastic deformation to nonlinear plastic deformation. When the pressure head
is lifted from the shaft body, an elastically deformed spring back occurs. In the core area of the shaft,
only elastic deformation and elastic resilience occur. There are residual deformations in other areas of
the shaft. The stress-strain distribution is shown in Figure 6. The change distribution of stress and
strain is composed of the elastic area and the plastic area. It is assumed that the area where the elastic
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deformation occurs during the straightening process is within Rt of the neutral layer. Rt is called the
core elastic radius.
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The curvature when the outermost layer of the D-type shaft begins to undergo plastic deformation
is defined as At. As shown in Figure 5, AΣ represents the curvature value after straightening. In order
to facilitate numerical calculation, the ratio of the curvatures is used as an intermediate variable,
which can be written as

CΣ =
AΣ

At
=

εt

Rt
/
εt

R
=

R
Rt

=
1
ξ

(3)

where the parameter ξ can be defined as to represent the area where elastic deformation occurs.
By combining the linear hardening material model [18,21,22] to describe the stress-strain relation of

the D-type shaft, the model is mainly composed of two areas [18–20]. A line with a fixed slope describes
the first linear elastic deformation, and a second line with a fixed slope describes the hardening plastic
deformation. As shown in Figure 7, the stress function σ(ε) can be written as

σ(ε) =

{
σ = Eε
σ = σs + ηE(ε− εt)

ε ≤ εt

ε > εt
(4)

where η is the plastic strengthening factor and E is the Young’s modulus, which is determined by their
material properties.
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With Figure 6, the stress values of the deformation region can be obtained. The stress σz1 has a
linear distribution along the bending cross section in the elastic area. The value can be written as

σz1 =
z

Rt
σs (5)

where σs is the yield limit. The stress σz2 has a linear distribution with another slope in the plastic
deformation region. The value can be written as

σz2 = σs + E′ (εz − εt) = σs + η
( z

Rt
σs − σs

)
= (1− η)σs + η

z
Rt
σs (6)

According to the cross-sectional form of the D-type shaft, the cross section bending moment
during straightening can be expressed by an integral function.

M =

∫ Rh

−Rl

zb(z)σ(z)dz (7)

where b(z) represents the width of the section. Rh and Rl represent the height of the two endpoints
on the cross section from the neutral layer along the z direction. The elastic limit bending moment
is defined as Mt = σtI/R. To simplify theoretical analysis and unify variables into dimensionless
parameters, a ratio of the bending moment is defined as

M =
M
Mt

(8)

The ratio of bending moment indicates the state of elastic deformation and plastic deformation.
The ratio of bending moment is an important parameter that characterizes the straightening state.

A cross section schematic diagram of the D-type shaft in an arbitrary straightened state is shown
in Figure 8. In this figure, R is the radius of the section, e is the cut depth, γ is the angle between the
cutting line and the horizontal line, and b(z) is the width of the section.
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Due to the three-dimensional deformation of the D-type shaft, the cross-section type of the D-type
shaft is not determined; consequently, the width is not a definite value. The piecewise function
describing the width b(z) is expressed as
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(1) 2K cosγ ≤ cosθ

b(z) =


2
√

R2 − (z−G)2 G−R ≤ z < G + R sinθ

R−e
sinγ +

G−z
tanγ +

√
R2 − (z−G)2 G + R sinθ ≤ z < G + R sinθ+ 2RK sinγ

2
√

R2 − (z−G)2 G + R sinθ+ 2RK sinγ ≤ z ≤ G + R

(9)

(2) 2K cosγ > cosθ

b(z) =

 2
√

R2 − (z−G)2 G−R ≤ z < G + R sinθ

R−e
sinγ +

G−z
tanγ +

√
R2 − (z−G)2 G + R sinθ ≤ z ≤ G + R sinθ+ 2RK sinγ

(10)

where θ = arcsin(1− κ) − γ, and G is the distance of the origin offset caused by the neutral layer
movement of the D-type shaft. To simplify the calculation, the following parameters are defined as

g =
G
R

, τ =
z
R

,κ =
e
R

, β(τ) =
b(z)

R
and K =

√
κ(2− κ) (11)

According to the theory of material mechanics [18–20], the layer at point O′ is the neutral layer of
the cross section. Since the bending stress σz is linearly distributed from the neutral layer to both sides,
the stress is balanced at the position of the neutral layer. This relationship can be expressed as∫ Rh

Rl

zb(z)dz = 0 (12)

Substituting the parameters of the D-type shaft into Equation (15), the expression of the parameter
g can be obtained as

(1) 2K cosγ ≤ cosθ

g =
4 cos3 θ−24K(1−κ) sinθ−24K2 sinγ+24K sin2 θ cosγ−24K2 sin 2γ sinθ−16K3 sin 2γ sinγ−4(1−(sinθ+2K sinγ)2)

3
2

3 sin 2θ+6θ+12π+24K(1−κ)−24K sinθ cosγ−12K2 sin 2γ−6(sinθ+2K sinγ)
√

1−(sinθ+2K sinγ)2
−6arcsin(sinθ+2K sinγ)

(13)

(2) 2K cosγ ≤ cosθ

g =
4 cos3 θ−24K(1−κ) sinθ−24K2 sinγ+24K sin2 θ cosγ−24K2 sin 2γ sinθ−16K3 sin 2γ sinγ+4(1−(sinθ+2K sinγ)2)

3
2

3 sin 2θ+6θ+6π+24K(1−κ)−24K sinθ cosγ−12K2 sin 2γ+6(sinθ+2K sinγ)
√

1−(sinθ+2K sinγ)2+6arcsin(sinθ+2K sinγ)
(14)

The parameter I is defined as the moment of inertia. According to the definition [18–20],
the moment of inertia can be expressed as

(1) 2K cosγ ≤ cosθ

I/R4 = K(1− κ)
[
2(g + sinθ)2 + 4K(g + sinθ) sinγ+ 8

3 K2 sin2 γ
]
−K cosγ

(
2g2 sinθ+ 4g sin2 θ+ 2 sin3 θ

)
−K2 sinγ cosγ

(
2g2 + 8g sinθ+ 6 sin2 θ

)
−K3 sin2 γ cosγ

(
16
3 g + 8 sinθ

)
−4K4 sin3 γ cosγ− 1

32 sin 4θ+ θ
8 −

2
3 g cos3 θ+ 1

4 g2 sin 2θ+ 1
2 g2θ+ π

8 + 1
2 g2π

+ 1
8 (sinθ+ 2K sinγ)

[
2(sinθ+ 2K sinγ)2

− 1
]√

1− (sinθ+ 2K sinγ)2 + 1
8 arcsin(sinθ+ 2K sinγ)

−
2
3 g

(
1− (sinθ+ 2K sinγ)2

) 3
2 + 1

2 g2(sinθ+ 2K sinγ)
√

1− (sinθ+ 2K sinγ)2 + 1
2 g2arcsin(sinθ+ 2K sinγ)

(15)
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(2) 2K cosγ ≤ cosθ

I/R4 = K(1− κ)
[
2(g + sinθ)2 + 4K(g + sinθ) sinγ+ 8

3 K2 sin2 γ
]
−K cosγ

(
2g2 sinθ+ 4g sin2 θ+ 2 sin3 θ

)
−K2 sinγ cosγ

(
2g2 + 8g sinθ+ 6 sin2 θ

)
−K3 sin2 γ cosγ

(
16
3 g + 8 sinθ

)
−4K4 sin3 γ cosγ− 1

32 sin 4θ+ θ
8 −

2
3 g cos3 θ+ 1

4 g2 sin 2θ+ 1
2 g2θ+ π

4 + g2π

−
1
8 (sinθ+ 2K sinγ)

[
2(sinθ+ 2K sinγ)2

− 1
]√

1− (sinθ+ 2K sinγ)2
−

1
8 arcsin(sinθ+ 2K sinγ)

+ 2
3 g

(
1− (sinθ+ 2K sinγ)2

) 3
2
−

1
2 g2(sinθ+ 2K sinγ)

√
1− (sinθ+ 2K sinγ)2

−
1
2 g2arcsin(sinθ+ 2K sinγ)

(16)

Substituting Equations (5), (6), (9), and (10) into Equation (7), the bending moment within the
section can be obtained. Substituting Equations (15) and (16) and the yield strength σt of the material
into equation Mt = σtI/R and then substituting the obtained parameter and the bending moment
within the section into Equation (8), the bending moment ratio M of the D-type shaft can be obtained.
Different D-type shafts have different widths and moments of inertia; consequently, their bending
moment ratios are also different. The bending moment ratios of the D-type shaft in two special forms
are given. Figure 9 shows the cross-section types of two special D-type shafts.
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Figure 9. (a) γ = 0◦ D-type cross-section and (b) γ = 90◦ D-type cross-section.

When γ = 0◦, the cutting plane is on the horizontal position. Substitute γ = 0◦ into the Equations (9)
and (10) to get the corresponding width equation. Then, according to the above-mentioned bending
moment ratio derivation process, the ratio can be rewritten as

M =
{
(1− η)

[
−

2
3 K3 + g(1− κ)K + garcsin(1− κ) + 2

3

(
1− α2

−

)√
1− α2

−
− gα−

√
1− α2

−
− garcsinα−

]
+
η
ξ

[
1
4 (1− κ)

(
1− 2K2

)
K + 1

4 arcsin(1− κ) − 4g
3 K3 + g2arcsin(1− κ) − 1

4α−
(
2α2
−
− 1

)√
1− α2

−
−

1
4 arcsinα− +

4g
3

(
1− α2

−

)√
1− α2

−
− g2α−

√
1− α2

−
− g2arcsinα−

]
+ 2
ξ

[√
1− α2

−

(
1
4α

3
−
−

2g
3

(
1− α2

−

)
+

(
g2

2 −
1
8

)
α−

)
+

√
1− α2

+

(
1
4α

3
+ +

2g
3

(
1− α2

+

)
+

(
g2

2 −
1
8

)
α+

)
+

(
g2

2 + 1
8

)
(arcsinα− + arcsinα+)

]
−(1− η)

[
2
3 ·

(
1− α2

+

)√
1− α2

+ + gα+
√

1− α2
+ + garcsinα+−gπ2

]
+
η
ξ

[
−

1
4α+

(
2α2

+ − 1
)√

1− α2
+ −

1
4 arcsinα+ +

4g
3

(
1− α2

+

)√
1− α2

+ − g2α+
√

1− α2
+ − g2arcsinα+ + ( 1

4 + g2)π2

]}
/I

(17)

where α− = ξ−g, α+ = ξ+ g.
When γ = 90◦, the cutting plane is perpendicular to the horizontal axis in cross section. Substitute

γ = 90◦ into the Equations (9) and (10) to get the corresponding width equation. The ratio of the
bending moment can be rewritten as

(1) ξ > K

M =
{
(1− η)

[(
5
6 −

ξ2

3

)√
1− ξ2 + 1

2ξarcsinξ− π
4ξ

]
+ 1

ξ

[
(1− κ)K

(
K2

6 + 1
4

)
+ 1

4 (π− arcsinK)
]}

/I (18)

(2) ξ ≤ K

M =
{
(1− η)

[(
5− ξ2

2

)√
1− ξ2 − π

8ξ +
3

8ξ

(
arcsinK + arcsin 1

ξ

)
+ (1− κ)

(
1
3 + K2

6 −
ξ2

6 −
K3

12ξ −
K
8ξ

)]
+ 1

ξ

[
(1− κ)K

(
K2

6 + 1
4

)
+ 1

4 (π− arcsinK)
]}

/I (19)
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3.2. Deflection Analysis of D-Type Shaft Straightening

The straightening stroke, which can control the variations of deflection, is an important parameter
in the straightening process. With the theory of Cui et al. [18], the variations of D-type shaft deflection
are expressed as shown in Figure 10. Supposed that the unit arc length at x is ds, Ax is the curvature,
and ρx is the radius of curvature. Since the variations of deflection are small, the unit length dx can
replace the arc length ds.
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Figure 10. Variations of the D-type shaft deflection.

With the theory of the plane assumption, the shear deformation is ignored, and the deflection
caused by the downwards press force is written as:

δ =

∫ δ

0
dy =

∫ α

0
xdθ =

∫ l

0
xAxdx = At

∫ l

0
Cxxdx (20)

With the Equations (17)–(19), the ratio of the bending moment M is a function of the variable ξ.
After the D-type shaft reaches the elastic limit caused by the D-type shaft bending amount, plastic
deformation occurs inside the D-type shaft. Among them, the portion of the D-type shaft necessarily
has a length lt that only occurs elastic deformation. Therefore, the bending moment ratio under external
load can be written as

M =
Fx

2Mt
=

x
lt

(21)

The deflection during loading can be composed of plastic and elastic parts. The relationship
between ξ and M can be established using an iterative method, and the deflection during loading can
be composed of plastic and elastic parts. According to Equation (20), the deflection of the loading
process with the numerical integration method can be rewritten as

δΣ =
Flt3

6EI
+ At

∑n

i=0
xiCΣxi ∆x =

Flt3

6EI
+ At

∑n

i=0
xiCΣxi(l− lt)/n (22)

where CΣxi is the curvature ratio of point xi, and ∆x = (l− lt)/n is the unit length set in the numerical
integration solution, and I is the inertia moment and F is the straightening force.

During the D-type shaft unloading process, the recovery linear elastic bending occurs. Ignoring
the effect of the Bauschinger effect, there is no variations of Young’s modulus during the unloading
process. Therefore, the deflection change in the unloading process is written as:

δ f =
l2M
3EI

=
Fl3

6EI
(23)
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3.3. Straightening Stroke Model

The straightening stroke model obtained by theoretical derivation is expressed as
δΣ = Flt

6EI + At
n∑

i=0
xiC∑

xi
(l− lt)/n

x
lt
= M

δ0 = δΣ −
Fl3
6EI

(24)

The Equation (24) is a combination of the Equations (21)–(23). Where δΣ is the straightening
stroke and δ0 is the initial deflection. This theoretical model is derived based on the three-dimensional
deformation. The parameter M represents the moment model of arbitrary position on the D-type
section. This theoretical model intuitively reflects the relationship between initial deflection and
stroke in the straightening process. In the straightening process controlled by the stroke, the required
straightening stroke can be directly solved based on the initial deflection of the D-type shaft.

According to the theoretical model, the influence of different D-type shaft cross section parameters
is analyzed. The model is then expressed using graphs. Figures 11–13 respectively show the influence
of three important parameters on the theoretical model.
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It can be seen from the graph that the angle, cut depth, and radius have different effects on the
theoretical straighten stroke prediction model. Figure 11 shows the difference of the theoretical model
when the radius R is different. It can be seen from the figure that the radius of the D-type shaft has a
greater influence on the model. For the same initial deflection, the larger the radius R, the smaller the
straightening stroke required. Figure 12 shows the effect of the difference in angle γ on the theoretical
model. Results illustrate that the D-types straightening with a larger angle γ requires less straightening
stroke. Figure 13 shows the effect of cut depth on the theoretical model. When the angle γ = 0◦,
the smaller the cutting depth, the greater the required straightening stroke, the angle γ = 90◦ is the
opposite. The depth of cut has a greater influence on the angle γ = 0◦.

4. Verifications

4.1. FEM Simulation Verification

4.1.1. FEM Model

According to the bending straightening principle and the existing experimental conditions,
the three-dimensional model of D-type shaft straightening is established. In order to directly observe
the changes of various parameters in the straightening process and to simulate the straightening
process [23], the FEM is used to validate the correctness of theoretical straightening stroke model.
The FEM software used for the simulation is ABAQUS (Version 6.13, Dassault Systèmes Simulia Crop.,
Providence, RI, USA, 2014). The FEM simulation is applied to study and analyze the deformation of
D-type shaft during straightening process. The residual deflection and residual stress after straightening
are analyzed, and the FEM simulation data and theoretical calculated data are compared.

The entire straightening system consists of three parts: D-type shaft, press head, and two
supports. The radius of the D-type shaft model is 8 mm, the length is 300 mm, and the cutting depth
is 2 mm. The two supports are fixedly constrained, and the span of the two supports is 280 mm.
The initial pressure fixing of the D-type shaft is completed by displacement constraint on both end faces.
The displacement control of the straightening is performed by applying a displacement constraint to
the press head. Modeling and meshing of the straightening system are shown in Figure 14.
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A Q235 material is established, and a linear hardening material model is established according to
the material parameters that are shown in the Table 1.

Table 1. The material properties.

Young’s Modulus
E (GPa)

Poisson’s
Ratio ν

Yield Strength
σs (MPa)

Tensile Strength
σb (MPa)

Elongation
δ5 (%)

Reinforced
Modulus E′ (GPa)

210 0.269 235 450 26 0.89

4.1.2. Simulation Results

After calculation by ABAQUS 6.13, the residual deflection and residual stress after straightening
are obtained as shown in Figure 15. It can be known from the simulation process that residual stress
exists in the D-type shaft at the press head and support point after straightening. The simulation
results show that the D-type shaft springbacks after straightening, and there is a quantitative residual
deflection. Therefore, the straightening stroke can be controlled to achieve precise machining during the
straightening process. Multiple sets of residual deflection data are obtained by altering the displacement
constraints imposed on the press head. The residual deflection data and the corresponding straightening
stroke data are recorded to compare the theoretically calculated data.
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Part of the data obtained from the FEM simulation and the theoretically calculated data are recorded
in Table 2. It can be drawn from the data in Table 2 that the error between the theoretically calculated
data and the simulated data is very small, which can prove the correctness of the theoretical model.
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Table 2. Comparison of FEM data and theoretical data.

D-Type Shaft
Style

Initial
Deflection (mm)

Straightening Stroke (mm)
Error (%)

FEM Results Theoretical Results

γ = 0
0.047 1.52 1.61 5.9
0.134 1.86 1.93 3.7
0.312 2.12 2.21 4.2

γ = 30
0.041 1.42 1.49 4.0
0.163 1.74 1.75 0.5
0.347 2.03 1.98 2.4

γ = 60
0.033 1.23 1.29 4.8
0.212 1.59 1.63 2.5
0.581 2.13 2.07 2.8

γ = 90
0.057 1.39 1.40 0.7
0.284 1.71 1.75 2.3
0.510 2.05 1.94 4.4

4.2. Experimental Verification

4.2.1. Experimental Design

In order to prove the correctness of the calculation results of the theoretical straightening stroke
model, an experimental study is carried out for the D-type shaft specimen [24]. In the current
experiment, the testing machine in Figure 16 is used to simulate the straightening process. The testing
machine is a DNS100 pressure tester machine produced in Shanghai. The power source of the testing
machine is the servo motor, which carries out movement through the ball screw. The press head of the
testing machine has a good speed control function and can reduce the effect of impact load on bending
experiments. In this experiment, the press head is controlled by stroke because the testing machine has
a high-precision displacement sensor, which can control the press head accurately. The maximum test
force of the testing machine can reach 100 kN, and the displacement resolution can reach 0.01 mm,
which satisfies the experimental requirements.
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Multiple sets of D-type shaft specimens were prepared for this experiment. The radius of these
shaft specimens was 8 mm. After processing, the cut depth was 2 mm, and the length was 300 mm.
The material of these specimens was Q235, and the Young’s modulus and yield limit of these specimens
was 210 GPa and 235 MPa, respectively. The support span of the testing machine selected for this
experiment was 280 mm. The pressure of the testing machine was set to 800 N, and the speed of press
head was set to 5 mm/min. After many experimental verifications, this constant pressure value can
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avoid the offset of the D-type shaft during the loading process, and it can ensure that the transformation
from the elastic deformation phase to the elastic-plastic deformation phase can be completed during
the D-type shaft straightening.

4.2.2. Experimental Process and Results

As shown in Figure 17, the experimental specimen is placed between the press head and the
support. The specimen is fixed by the press head loading, and then the loading phase is entered.
The stroke control mode is used to control the pressure of the press head at a uniform speed to reach
the target stroke. After stability, the unloading phase is entered. The residual deflection data will be
recorded until the pressure is zero. The experimental process is shown in Figure 18.
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The entire bending experiment process is repeated, and the experimental results are finally
obtained. After completing the entire experimental cycle, the residual deflection of each D-type shaft
is recorded. Part of the data in Table 3 is the experimental data of straightening stroke and residual
deflection. The data in Table 3 compares the experimentally obtained residual deflection data with the
theoretical model calculated data at the same straightening stroke. It can be drawn from the table that
the theoretical calculation is close to the experimental data. It can be proved that the theoretical model
can direct the actual straightening process, and the data also validate the correctness of the theoretical
model. Each set of D-type shaft data regarding to straightening stroke and corresponding residual
deflection is processed, and a relation curve between the D-type shaft of the straightening stroke and
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the initial deflection is established. It can be seen from Figures 19 and 20 that the experimental data
shows conformity with the theoretical and simulation data by comparing the three data, and the overall
trend of the graph is consistent. The results of experiment and FEM simulation validate the correctness
of the theoretical model.

Table 3. Comparison of experimental data and theoretical data.

D-Type Shaft
Style

Residual
Deflection (mm)

Straightening Stroke (mm)
Error (%)

Experimental Results Theoretical Results

γ = 0
0.05 1.62 1.61 0.6
0.13 1.98 1.93 2.5
0.31 2.43 2.21 8.9

γ = 30
0.04 1.50 1.49 0.6
0.16 1.79 1.75 2.2
0.35 2.13 1.98 7.0

γ = 60
0.03 1.31 1.29 1.5
0.21 1.70 1.63 4.1
0.58 2.21 2.07 6.3

γ = 90
0.06 1.37 1.40 2.1
0.28 1.91 1.75 8.3
0.51 2.10 1.94 6.7
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5. Conclusions

This paper proposes a general stroke-based model to predict the parameters for D-type shaft
straightening, considering the bending deformations in three dimensions, and based on the internal
elastic-plastic mechanical analysis with the deflection variation of the D-type shaft. The influence
of D-type shaft cross section parameters on the theoretical model is analyzed. As the radius R and
angle γof the D-type shaft increase, the required straightening stroke becomes smaller. The cutting
depth has a greater influence on the case of γ= 0◦, and as the cutting depth increases, the straightening
stroke is smaller, whereas it is larger in the case of γ= 90◦. The experimental results, FEM simulation
results, and theoretical results prove the correctness of the theoretical stroke-based straightening model.
The general stroke-based straightening modeling approach developed in this research can accurately
predict the straightening parameters of complex cross-section part under three-dimensional deformation.
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