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Abstract
At present, high straightness precision and good bar surface quality are difficult to meet at the same time in the straightening
process of bar. In view of this problem, this paper puts forward a continuous variable curvature roll shape design method, and
studies the straightening process setting method. The roll shape of the straightening roll is tangentially connected by multiple
segments arc of uniform curvature changes, and the curvature decreases uniformly from the middle to both ends. The roll shape
designed by this method can be in good contact with the bar and can effectively improve the surface quality of the straightened
bar. In order to make the straightening process parameters more reasonable and effective, reduce the dependence of the produc-
tion line on workers, and realize the full automatic straightening of the bar, a complete process straightening bending springback
model of bar was established. Based on roll shape and bar specification, the optimization iteration model of upper and lower
straightening roll angle is established. Then the setting method of the roll gap and the guide plate spacing is discussed. The field
straightening process is simulated by finite element analysis. The process setting model is verified on the straightener after roll
shape modification. The automatic control of two-roll straightening of bar can be effectively realized by using the roll shape and
process model. The straightened bar has high straightness and surface quality.

Keywords Straightening . Bar . Two roll . Variable curvature roll shape . Parameters of process

1 Introduction

Straightening is an important process of bar finishing line. Flat
roll or multi-roll straightening and pressure straightening is
difficult to achieve all-around straightening. Only both rotat-
ing and forward of the diagonal roll straightening method can
achieve this goal. Typical bar straighteners have the seven-roll
straightener and the two-roll straightener. Based on the con-
straint of its roll shape, the two-roll straightener can achieve
continuous reverse bending and springback and no blind area
or small blind area straightening. The multi-roll straightener
can achieve continuous bending and springback of the bar in

the roll system through the joint action of multiple groups of
rolls, and there is an inevitably blind area. Existing production
practice shows that the two-roll straightener can achieve
higher straightening precision. At present, the design method
of two-roll straightener mainly focuses on the selection of the
bending curvature of the roll shape curve. Masgilleson [1], a
scholar from the former Soviet put forward the design method
of single curvature roll shape. In the design of roll shape, the
curve of roll shape is an arc of equal radius. On the plane
section of the bar axis, the straightening roll shape presents
the feature of variable curvature, but the feature of curvature
change is fixed. Cui [2] put forward a method for the design of
three-section curvature roll shape; that is, in the plane section
of the bar axis, the curvature at the entrance of the roll shape
curve is composed of three sections of arc from small to large,
and the measured curvature at the exit of the roll shape curve is
composed of three sections of arc from large to small. The
curvature of the arc is determined by the plastic deformation
of the bar during bending. A longer and uniform straightening
method can ensure good surface quality and straightening
quality. Pei et al. [3] used a piecewise linearized elastic-
plastic stress-strain relation, and the bending straightening
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process of both side-cut and flat-cut D-type cross-section shaft
is modeled and deduced as a straightening prediction model.
Three-point parabola method and parabolic fitting method are
both proposed for the curvature conversion in the straighten-
ing process. Wu et al. [4] studied systematically the straight-
ening process of a bar in a two cross-roll straightener. A math-
ematical model on the precision of the straightened bars is
developed. Yu et al. considered the deformation hardening,
Baushinger effect, and cyclic softening; the reciprocating
bending springback process is analyzed by using the graphic
method. The conclusion showed that the reciprocating bend-
ing eliminates the difference of initial curvatures and makes
the curvatures be in the same direction and have same value.
They also proposed the speed of curvature unification is de-
termined mainly by the ratio of plastic modulus to elastic
modulus. The greater the ratio of plastic modulus to elastic
modulus is, the slower the speed of curvature uniformity is,
and the more the bending time required, then established the
equation of residual curvature and the unified equation of
residual curvature. It is proved that although the initial curva-
ture of each section of bar is different, the difference of initial
curvature is eliminated by the reciprocating bending, and the
process mechanism of the two-roll straightening is revealed
[5–7]. Lu et al. [8] used the mathematical model of load stroke
in the pressure straightening process under the elastic-plastic
theory to carry out tests and numerical simulation, and pro-
posed the straightening stroke prediction formula based on the
precision straightening stroke deflection model. Wang et al.
[9, 10], aiming at the low efficiency of three-point bending
straightening, proposed a new three-roll continuous straight-
ening method. Based on the detected deflection data, a piece-
wise fitting algorithm with constraints by introducing the
Kuhn-Tucker condition is proposed for straightness calcula-
tion, and a simple polynomial fitting method with fourth order
is determined for the calculation of curvature and straighten-
ing moment. Then based on the minimum work principle, an
analytical model of the cross-sectional distortion of the curved
pipe with initial curvature in the reverse axial elastic-plastic
bending is established, and the prediction error is not more
than 10% compared with the experimental value of the max-
imum distortion coefficient. Zhao [11] studied the plane bend-
ing springback equation with small curvature. And Yin [12]
proved that this theory can adapt to the needs of straightening
process. Liu et al. [13] studied the straightening process of
shape steel by using the curvature integral method, and de-
duced the method to calculate the residual stress. Zhang
[14–16] studied the curvature radiusmodel of thin-walled tube
straightening by using the elastic-plastic theory and the clas-
sical unloading theory, and studied the flattening phenomenon
of section in the straightening process of thin-walled tube by
using the energy method. The main technological parameters
in bar straightening production include roll gap, straightening
roll tilt angle, and guide plate spacing. Zhao et al. [17]

proposed a multi-point bending one-time straightening control
strategy that discretizes and linearizes the theoretical bending
moment curve. Moon et al. [18] applied finite element method
to analyze the residual stress of bar straightening, and believed
that the roll gap had significant influence on the residual
stress, while the tilt angle of the straightening roll had little
influence on it. Ma et al. [19] studied the neutral layer migra-
tion theory in the two-roll straightening process, and based on
this, they established the equation for solving the residual
curvature. Jindřich et al. [20] used the Euler method and the
classical Lagrangian method to describe the longitudinal de-
formation and the transverse deformation respectively. By the
above method, they realized the numerical computation of
skew roll straightening process. They believe that online pre-
diction and control of process parameters are expected to be
realized. Yu [6] started from the research on the technological
mechanism of two-roll straightening, and understood the de-
formation of the bar macroscopically by exploring the defor-
mation path of the bar in the roll gap. Li [21, 22] presented a
new inspection algorithm based on local annular contrast
(LAC) for steel bar surface defects. Experimental results show
that the proposed algorithm needs only 13 ms to inspect one
steel bar surface image and its detection accuracy exceeds
95%. Subsequently, it was proposed a lower envelope
Weber contrast (LEWC) recognition algorithm to detect steel
bar surface pit defects.

In this paper, the design method of roll shape with variable
curvature is proposed. The curvature of roll shape curve of
straightening roll increases uniformly from one end to the
maximum at the waist position, and then gradually decreases
to the other end. The curve on both sides of the roll waist is
symmetrical. The characteristic of this method is the uniform
change of curvature on the roll shape curve, which can elim-
inate the effect of sudden curvature change on bar bending
deformation. Through the effective continuous bending
springback theory of rotary straightening process verified by
the field, the straightening process of straightening roll of roll
shape curve with different curvature range was calculated, the
evolution process of each curvature was obtained, and the
influence of variable curvature range on the straightening pre-
cision of bar was studied. The roll shape designed by this
method is verified by numerical simulation. Under the con-
straint of roll shape, the micro-beam section on the bar can
achieve continuous bending and springback; therefore, the
relationship between the tilt angle of straightening roll and
the reverse bending curvature is studied. The tolerance range
and the optimal contact mode of bar products can be used as
the setting basis for the parameters of roll gap. Based on
elastic-plastic bending springback theory, a quantitative ana-
lytical model of the curvature of bar straightening process is
established. On this basis, the value of tilt angle is solved
iteratively, and the process parameter setting model of bar
straightening was established. The straightness and surface
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quality of bar are analyzed by finite element analysis. At the
same time, the above model is verified by experiments. The
results show that the variable curvature roll shape and its pro-
cess settings can meet the requirements of two-roll straighten-
ing of bar and achieve high straightening accuracy and surface
quality.

2 Design method of continuous variable
curvature roll shape

Suppose that the maximum curvature of the variable curvature
range isKmaxρt and the minimum curvature isKminρt, where ρt
is the elastic limit curvature. The position of maximum curva-
ture is the waist of the roll, and the position of minimum
curvature is the end. Since the roll is symmetrical on both
sides with the waist as the center, only half of the roll is
calculated when calculating the roll. N points are selected
from the uniform distance of half the roll, and the axial posi-
tion of any point is zi, (i = 1, 2,…, n). And since the length of
roll profile is generally 8 times the lead(8t), that is, half of the
length of roll profile is 4 times the lead(4t), then the curvature
of any point is

ρi ¼ ρmin þ
ρmax−ρminð Þ

4t
zi

� �
ρt

In this paper, it mainly uses the spatially closed stereo an-
alytic geometry principle and vector relationship, and com-
bines the roll gap shape to derive the corresponding mathe-
matical model. Through computer programming, various roll-
type designs can be realized.

The convex roll is discussed first. As shown in Fig. 1, given
the curvature of n segments, each radius of curvature is denot-
ed as ρi,(i = 1, 2,…, n) and the center of curvature is respec-

tively O
0
i. The bar can be regarded as a ring. In Fig. 1, the

intersection point between the connecting line from each sec-
tion to the center of curvature and the center connecting line
OO′ of the roll and the bar is Oi. The distance from Oi to the
bar center at the waist of the roll, and the distance to the bar
center corresponding to each roll section are respectively Qi

and Li. The normal line passes the contact area roll face and
the bar surface also passes through connected lines formed by
their axes qipi. Let the length of each vector beOpi = ei,mipi =
ci,O

′qi = bi,Omi = fi, R0 + r = h, where R0 is the waist radius of
the straightening roll, r is the bar radius, and h is the distance
between the bar center and the center of the straightening roll
at the waist position of the roll

From closed vector relations,

hþ bi þ ri þ ci ¼ ei

hþ bi þ ri ¼ f i

In the OXYZ coordinate system, the component form of
each vector is

h ¼ −h; 0; 0½ �
bi ¼ Qi−Licosβi;−Lisinβisinα; Lisinβicosα½ �
ri ¼

h
rcosφicosβi; r sinφicosαþ cosφisinβisinαð Þ;

r sinφisinα−cosφisinβicosαð Þ
i

ci ¼
h
cicosφicosβi; ci sinφicosαþ cosφisinβisinð Þ;
ci sinφisinα−cosφisinβicosαð Þ

i

ei ¼ 0; 0; ei½ �
f i ¼ X i; Y i; Zi½ �
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Fig. 1 Spatial geometry of contact between bar and convex roll
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where α is the angle between the bar and the center line of
the straightening roll projected on the horizontal plane; βi is
the angle between ρi and the vertical center line of the roll
waist position; ϕi is the angle between ρi and piqi; and Xi, Yi,
and Zi are the coordinate value of the contact point mi.

From ei known eix = 0, the closed vector expression is

hx þ bix þ rix þ cix ¼ 0

That is

−hþ Qi−Licosβi þ ci þ rð Þcosϕicosβi ¼ 0 ð1Þ

From ei known eiy = 0, the closed vector expression is

hy þ biy þ riy þ ciy ¼ 0

That is

−Lisinβisinαþ Ci þ rð Þ sinϕicosαþ cosϕisinβisinαð Þ
¼ 0 ð2Þ

Byfix = Xi, we can get

hx þ bix þ rix ¼ xi

That is

X i ¼ −hþ Qi−Licosβi þ rcosϕicosβi ð3Þ

By fiy = Yi we can draw

Y i ¼ −Lisinβisinαþ r sinϕicosαþ cosϕisinβisinαð Þ ð4Þ

By fiz = Zi we can draw

Zi ¼ −Lisinβicosαþ r sinϕicosα−cosϕisinβisinαð Þ ð5Þ

It can be obtained from Formula (1) and Formula (2)

tanϕi ¼
Qi−hð Þsinβitanα
h−Qi þ Licosβi

That is

ϕi ¼ arctan
Qi−hð Þsinβitanα
h−Qi þ Licosβi

ð6Þ

It can be known from the position and plane geometry of
the bar in Fig. 1.

βi ¼ arcsin
wi þ zi

ρi

� �

Q1 ¼ L1 ¼ ρ1

wi ¼ ρi−Li−1ð Þsinβi−1

li ¼ wi=sinβi−1

Qi ¼ Qi−1 þ
wi

tanβi−1
−

wi

tanβi

Li ¼ ρi−li

Then press set ρi, α and h to get

βi ¼ arcsin
ρi−Li−1ð Þsinβi−1 þ zi

ρi

� �
ð7Þ

Qi ¼ Qi−1 þ ρi−Li−1ð Þ cosβi−1−
sinβi−1

tanβi

� �
ð8Þ

Li ¼ ρi− ρi−Li−1ð Þ sinβi−1

sinβi
ð9Þ

The initial value is substituted with i = 1 when calculating.
And knownβ0 = 0,L0 = 0, and Q0 = 0, we can calculate the
points Qi, Li, and φi, then the coordinate values Xi, Yi, and Yi
are obtained. And we obtained the roll radius Ri at the roll axis
coordinate Zi is

Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 2

i þ Y 2
i

q
ð10Þ

The concave roll of the one-way reverse bending
straightening roll is a roll pressed against the outer arc side
of the workpiece, the contact point mi of the workpiece and
the roll surface are turned from the inner arc side to the
outer arc side, and each space vector is also changed from
the inner arc side to the outer arc side. The positive direc-
tion of the vector is consistent with the positive direction
of X, Y, and Z. The angle is positive with a depression
angle and negative with an elevation angle. The radius of
curvature ρi of each segment and its associated line seg-
ments (Li, li,Qi) are positive when they are above the bar
axis Oz, and negative when they are below the bar axis Oz;
that is, Li, Qi, sinβi and ρi are negative. Substituting it into
Formulas (3)–(10) can be used to calculate a set of concave
roll shape calculation formula.

The flow chart of the variable curvature roll shape is
shown in Fig. 2. It can be seen that in calculating the roll
shape curve, the smaller the pitchΔz, the more points taken
on the roll shape curve, the better the continuity of the
drawn roll shape, and the smoother the roll surface of the
straightening roll.

Figure 3 shows the basic structural parameter calculation
software interface. The blue in the lower right corner is the
partial curve of the concave roll shape, and the green is the
partial curve of the convex roll shape (the roll shape fillet is
not drawn in the interface, and the roll spacing parameter is
temporarily not applied).
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3 Full process bending springback theory
of straightening process

Bar bending springback process satisfies the curvature equa-
tion, that is,

Kp ¼ K−K f ð11Þ

where cdis the residual curvature, Kis the reverse bending
curvature,K f ¼ M

EI is the springback curvature, E is the elastic
modulus of the bar, I is the moment of inertia of the bar sec-
tion, andMis the bending moment, which can be obtained by
integrating the moment balance in the bending state.

Set the bar diameter toR. When the micro-beam section is
bent from the original curvature K0 to the curvatureK, the
strain is ε and the stress isσ. In the geometric center layer
coordinate system, the ordinate of any point on the section
of the bar is z, and the distance from the elastic-plastic bound-
ary point to the neutral layer is zE.

ε ¼ z K−K0ð Þ ð12Þ
zE ¼ σs

E K−K0j j ð13Þ

θE ¼ arcsin
zE
R

¼ arcsin
σs

E K−K0j jR ð14Þ

As shown in Fig. 4, for the case where the symmetrical
section is purely curved, to calculate the bar bending moment,
simply integrate the quarter of the section coordinates and
multiply by 4. Under this premise, the bending moment when
the bar is purely bent is divided into the following two cases.

Fig. 3 Basic structure parameter
calculation software interface
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Fig. 2 Roll-type calculation flow chart
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WhenzE ≥ R, bar section is pure elastic deformation.

M ¼ ∫AσzdA ¼ ∫AEz2 K−K0ð ÞdA ¼ E K−K0ð Þ∬Az
2dydz

¼ πE K−K0ð ÞR4

4
ð15Þ

When 0 < zE < R, the bar occurs elastic deformation, and
demarcation point is at zE.

M ¼ 4∫AσzdA ¼ 4∫zE0 Ez
2 K−K0ð ÞdAþ 4∫RzE Dεþ σ0ð ÞzdA

¼ 4∫zE0 Ez
2 K−K0ð ÞdAþ 4∫RzE Dz K−K0ð Þ þ 4σs 1−

D
E

� �� �
zdA

¼ 4E K−K0ð Þ∫
ffiffiffiffiffiffiffiffiffi
R2−z2

p
0 dy∫ZE

0 z2dzþ 4D K−K0ð Þ∫
ffiffiffiffiffiffiffiffiffi
R2−z2

p
0 dy∫RZE

z2dzþ 4σs 1−
D
E

� �
∫

ffiffiffiffiffiffiffiffiffi
R2−z2

p
0 dy∫RZE

zdz

¼ 4E K−K0ð ÞL1þ 4D K−K0ð ÞL2þ 4σs 1−
D
E

� �
L3

ð16Þ

where,

L1 ¼ ∫ZE

0 z2
ffiffiffiffiffiffiffiffiffiffiffiffi
R2−z2

p
dz ¼ ∫

arcsin
ZE
Rð Þ

0 R2sin2θR2cos2θdθ

¼ R4

8
arcsin

ZE

R
−
sin4 arcsin

ZE

R

� �

4

2
664

3
775

L2 ¼ ∫RZE
z2

ffiffiffiffiffiffiffiffiffiffiffiffi
R2−z2

p
dz ¼ ∫

π
2

arcsin
ZE
Rð ÞR

2sin2θR2cos2θdθ

¼ R4

8

π
2
− arcsin

ZE

R
−
sin4 arcsin

ZE

R

� �

4

0
BB@

1
CCA

2
664

3
775

L3 ¼ ∫RZE
z

ffiffiffiffiffiffiffiffiffiffiffiffi
R2−z2

p
dz ¼ −

1

2
∫RZE

R2−z2
� �1

2d R2−z2
� �

¼ 1

3
R2−ZE

2
� �3

2

When K and K0 are known, the bending moment can be
calculated according to Formula (16), and then substituted
into the curvature equation Kp =K −Kf to calculate the resid-
ual curvature after the second turn.

As shown in Fig. 5, the bar rotates forward in the roll system,
and the micro-unit abcd on the bar is transferred to the two-point
a, b position from two points c(a′), d(b′)after the bar rotates half a
turn, and the two points c, d are rotated to the position c′, d′. The
segment ab is transformed from being stretched to compressed,
and the segment cd is converted from compressed to stretched;
that is, the microcell achieves a reverse bend.

The lead t is the distance that the bar passes in the straight-
ening direction for one revolution. The distance that the bar
has passed through one reverse bending is t/2.

t ¼ πdtanα ð17Þ

where t is the lead; d is the diameter of the bar; α is the
angle between the straightening roll and the bar.

Assume that the initial deflection of the bar is s0(mm·m−1),
then the initial curvature can be calculated according to the
following formula.

K0 ¼ 2s0
500� 500þ s0 � s0

ð18Þ

After the bar is stably straightened, the bending state of the bar
in the concave roll and the convex roll is stable, and the bending
state is considered to be a state inwhich the bar is subjected to the
reverse bending during the bending process. The curvature of
each point on the contact line between the concave roll and the

y

zE zR 22

0
E

Fig. 4 Bar cross-section integral diagram Fig. 5 Schematic diagram of rotary reverse bending
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bar is taken as the bending curvature of the bar. The contact line
can approximately take the intersection line between the vertical
surface of the bar axis and the concave roll. The approximate
solution of the curvature is as follows.

As shown in Fig. 6, the straight lineMN is the projection line
of the vertical plane passing through the bar axis on the horizon-
tal surface of the concave roll. The lower circle is the section
circle of the position corresponding to any point A on the straight
line, and the point A′ is the corresponding point of the point A on
the section circle. The vertical direction is the z direction, the
direction of the roll waist is the x direction, and the vertical
direction of the section circle is the y direction. The angle be-
tween the bar axis and the straightening roll axis is α. A point z
direction coordinate is zi, and the coordinates of the pointA in the

xdirection and y direction are defined as xi and yi. If the roll radius
corresponding to the pointA is Ri, the relationship is

xi ¼ zi⋅tanα
x2i þ y2i ¼ R2

i

From zi, Ri, and α, you can calculate xi and yi by calculating
the coordinates of each point on the intersection line between
the vertical surface of the bar and the straightening roll. The
curve function y = f(x) of the intersection line can be obtained
by fitting the spline function, and the bending curvature Ki at
any point can be calculated by the following formula.

Ki ¼ yi
00j j

1þ yi0
2

� �3=2 ð19Þ

The bending moment of the ith bending is defined as Mi

and the bending moment M1 can be obtained after the steel
tube with initial curvature of K0 passes through the first point
of reverse bending (reverse bending curvature K1), so as to
obtain the springback curvatureKf1 of the first reverse bending
and the residual curvature Kp1 after the first bending. Then the
steel tube enters the next bending, and the residual curvature
K(i − 1) serves as the initial curvature of the next bending. The
iteration equation of residual curvature after resilience of the
ith bending can be obtained from Eq. (1). The integrated result
is shown in Formula (20).

Kpi ¼
Ki � Mi Ki;K0ð Þ

EI
i ¼ 1

Ki �
Mi Ki;Kp i−1ð Þ

� �
EI

i≥2

8><
>: ð20Þ

According to the above equation programming, the resid-
ual curvature after each bending can be obtained, and the final
residual curvature (the final straightening accuracy) can be
obtained.

4 Effect of curvature range on straightening
accuracy

According to the roll shape calculation scheme, the most im-
portant part of the roll shape calculation is to give the variable
curvature range. Different ranges of curvature are used to
straighten the bars of the parameters shown in Table 1.

For the sake of understanding, the project gives the curva-
ture range in the form of the radius of curvature, and the bar’s
elastic limit radius of curvature isρt. The ranges of curvature
radius given are 1ρt~0.2ρt, 1ρt~0.3ρt, 1ρt~0.5ρt, 1ρt~0.7ρt,
and 0.7ρt~0.2ρt, where

ρt ¼
Ed
2σt

z

M

α

O x

C A B

N

y
A'

O1
B' x

Fig. 6 Schematic diagram of bending curvature analysis
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Figures 7, 8, 9, 10, and 11 show the original curvature,
inverse bending rate, elastic curvature, and residual curvature
evolution process of the above cases of variable curvature
range.

The following conclusions can be drawn from Figs. 7, 8, 9,
10, and 11:

(1) Different curvature variation ranges can straighten the
same bar. The difference is that the various curvatures
are different during the bending springback process.
Under the same original curvature, the larger the inverse
bending curvature, the larger the springback curvature is.
The residual curvature experience becomes smaller first,
then it changes to the maximumwith the inverse bending
curvature, and then it changes to a relatively small value
as the inverse bending curvature becomes smaller, and
the last few turns reverse the residual curvature until
straightening.

(2) The greater the inverse bending curvature, the faster the
original curvature is unified. Conversely, the smaller the
inverse bending curvature, the more the number of
cornering required for the original curvature uniformity.

(3) The greater the inverse bending curvature, the greater the
overall deformation of the bar, and the deformation and
deformation energy required for each bending will be-
come larger. The large reverse bending curvature will
result in a higher residual stress level on the bar after
straightening. At the same time, a large reverse bending

curvature will increase the straightening force and also
generate more energy consumption.

Considering the above factors, when selecting the variable
curvature range required for the roll design, choose a smaller
curvature in all curvature ranges that meet the straightening
accuracy. Combined with the example in this project, consid-
ering that the straightening roll wear will cause the actual
bending curvature to decrease, the radius of curvature is se-
lected as 1pt~0.5pt.

5 Process parameter setting model

The technological setting parameters of two-roll straightener
include concave roll angle, convex roll angle, roll gap, hori-
zontal spacing of guide plate, and vertical distance of guide
plate. The vertical distance of the guide plate is related to the
vertical adjustment device of the guide plate on the equipment.
The main requirement is to adjust the guide plate to the gap
between the concave roll and the convex roll. This paper
mainly describes the calculation and selection of concave roll
angle, convex roll angle, roll gap, and guide plate spacing.

5.1 Convex roll angle

After the roll shape is determined, the bending curvature
of straightening bar is determined by the angle of concave
roll and convex roll. In actual production, this angle
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Table 1 Straightening-related
parameters Bar

diameter/
mm

Bar yield
strength/
MPa

Material elastic
modulus/MPa

Material
hardening
modulus/MPa

Original
deflection/
(mm/m)

Straightening
roll angle/°

Roll
length/
mm

40 800 210000 50000 10 10 400

Int J Adv Manuf Technol (2019) 105:4 –4 5834534352



determines the maximum bending shape of bar in roll gap,
in which concave roll angle plays the most important role.
In the roll gap setting model, the roll gap is required to
restrict the bar completely (the gap effect in the tolerance
range of bar diameter can be neglected). Therefore, it is
approximated that the curve bending state obtained after
the vertical surface of bar axis intersects with the concave
roll is the action line of actual bending.

Iterative optimization method is used to solve the angle
of concave roll, as shown in Fig. 12. Firstly, given the
initial value of concave roll angle α1 as the maximum
allowable angle, a series of points on the intersection line
between the vertical surface of bar axis and concave roll
are obtained by curvature analysis method shown in Fig.
3. Based on these points, the curve equation of bending
shape of bar in roll gap is obtained by spline function
fitting method, and then the bending curvature at any
point can be calculated. The residual curvature of bar with

Output , so, Roll profile data

Obtain Kp

Compute K0 t cw

Start

Compute Ki

Compute Kpi

K<Given

End

Fig. 12 Calculation of concave roll angle
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concave roll angle α1 can be calculated by iteration for-
mula (Formula 20). If the straightening accuracy is satis-
fied, the angle is set as concave roll angle. Otherwise, α1

will be reduced by 0.1 degrees and iterated again until the
angle of concave roll that can straighten the bar is found.
Cw is the total number of turns.

5.2 Convex roll angle

The angle of the convex roll acts as an auxiliary constraint. Its
purpose is to make the bending state of the bar consistent with
that of the concave roll in the vertical plane of the bar axis as
far as possible, to minimize the length of the straight line
segment of the bar in the roll gap and to reduce the blind zone.
Figure 13a is the reasonable adjustment of the cam angle, the
bending state of the bar is smooth, and Fig. 13b is the unrea-
sonable adjustment of the cam angle. The mm′ and nn′ straight
sections on the bar will produce blind areas.

In order to realize the reasonable adjustment of the angle of
the convex roll, the geometric method is used to calculate
iteratively to find the optimal angle of the convex roll.

Firstly, the initial angle α2 of the roll is given, and it is set to
the adjustable maximum angle αmax. By referring to the meth-
od in Fig. 12, the coordinate points on the intersection line
between the convex roll and the vertical plane section where
the bar axis is located (that is the bending action line of the
convex roll to the bar) are obtained. The coordinate point
abscissa spacing is the same as that obtained by concave roll.
Then, the vertical distance between the corresponding coordi-
nate points of the concave roll and the convex roll is calculat-
ed. If the vertical distance between each distance and the po-
sition of the roll waist is not very different, the angle adjust-
ment is considered to be appropriate. Otherwise, let α2 =α2 −
0.1 enter the next iteration until a reasonable roll angle is
found.

5.3 Roll gap

The parameters of roll gap are the clearance between concave
roll and convex roll waist. The ideal state of roll gap is that the
clearance between concave roll and convex roll is equal to the
diameter of bar, that is the straightening roll clamps bar with-
out flattening. However, due to the tolerance of the bar, the
value of roll gap in the process setting parameter module is the
sum of the diameter of the bar and the upper deviation of the

a

m n
m' n'

b

Fig. 13 Bar bending at different angles. Bar bending state (reasonable)
(a). Bar bending state (unreasonable) (b)

Table 2 Requirements for nominal dimensions of bar sections in
national standards (mm)

Bar diameter/mm Dimensional tolerance

Φ5.5~7 ± 0.4

Φ7~20 ± 0.4

Φ20~30 ± 0.5

Φ30~50 ± 0.6

Φ50~80 ± 0.8

Φ80~110 ± 0.1

Φ110~150 ± 1.4

Φ150~200 ± 2

Φ200~280 ± 3

Φ280~310 ± 5

Fig. 14 Bar and straightening roll contact state diagram
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bar. Specific tolerance values are taken from national standard
GB/T 702-2008 [23]. Table 2 shows the dimension deviation
of bar sections with different specifications.

After setting the roll gap parameters, the actual size of the
roll gap is related to the overall stiffness of the equipment and
the wear of the roll system when the equipment is in operation.
For the wear situation, it is necessary for workers to regularly
check the difference between the set roll gap and the actual roll
gap in order to compensate for the roll gap deviation caused by
wear. For stiffness, the stiffness curve can be obtained by testing
after the equipment is installed well, that is, the relationship
between straightening force and elastic deformation. The elastic
deformation can be compensated according to the value of the
pressure sensor used to measure the straightening force.

It should be pointed out that when the setting value of roll
gap is larger than the given value, the bar can also bend to a
certain extent by adjusting the angle between concave roll and
convex roll. As shown in Fig. 14, the purpose of straightening
the bar can also be achieved. However, in this case, the bar is
in contact with both ends of the concave roll (position f1 and
f2) and with the middle position of the convex roll (section
e1e2). The bar with a large length in the roll gap is not directly
restrained by the roll gap (section e1f1 and e2f2), so the head
and tail of the bar cannot be straightened, and also, the
straightening blind area is large (section e2f2 or e1f1). This is

the place that should be minimized in the process parameter
setting of high-precision straightening.

5.4 Spacing of guide plate

The spacing of guide plate is the horizontal distance between
the inner and outer guide plates, which plays the role of
restraining the horizontal position of the bar. The smaller the
spacing between guide plates, the tighter the bar restraint, the
more stable the straightening, but the worse the wear will be.
The specific value of the spacing of the new guide plate refers
to the experience of the existing bar straightener in the factory.
The specific value is shown in Fig. 15. Among them, the
longitudinal coordinate is the clearance margin of guide plate;
that is, the clearance margin of guide plate is the sum of the
specification of bar and the given clearance margin. In addi-
tion, with the production going on, the guide plate will wear
out. After wear, the set value of guide plate spacing needs to
be gradually reduced to ensure stable straightening.

6 Model validation

In order to verify the correctness of the theoretical model, a
finite element analysis was carried out on the straightening
process of a two-roll straightener in a bar manufacturer.

Table 3 Material properties of
bars Material Modulus of elasticity Poisson ratio Yield strength Strength limit Elongation

16MnCr5 211 GPa 0.28 1187 MPa 1373 MPa 0.13

Fig. 16 Cell partition mode

Fig. 17 Finite element model
Fig. 18 Comparison between the finite element model and field
straightening
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The straightening process is analyzed by finite element
method. The straightening roll, baffle, and sleeve are set as
discrete rigid bodies in the model. The bar is set as deformable
body. The model takes 16MnCr5 as an example. The material
properties are shown in Table 3.

The finite element calculation process completely simu-
lates the actual straightening process. Initial straightening rolls
idle along their respective axes to ensure that the speed along
the rolling direction is 25 m/min. The straightening roller has
only rotational freedom and other directions are fixed. The
baffles on both sides and the inlet and outlet sleeves are fixed.
The contact between the bar and each straightening roller is
surface to surface contact. Tangential friction coefficient is

0.2. The normal direction is the hard contact. There is no
friction-free tangential contact between bar and baffle, inlet
sleeve, and outlet sleeve, and the normal direction is hard
contact, a total of 6 contact pairs. The linear hexahedral ele-
ment C3D8R was selected for the bar element. The cell parti-
tion method is shown in Fig. 16, and the finite element model
is shown in Fig. 17.

As shown in Fig. 18, by comparing with the field straight-
ening process, it can be seen that the surface quality of the bar
after the finite element simulation is similar to that of the bar
after the field straightening, and has good straightness. The
reliability of the finite element model is proved.

Then the finite element model is used to analyze the
straightening process of the variable curvature roll. In this
model, the number of variable curvature of roll shape isn =
80, that is, 80-segment curvature. The finite element analysis
of the two rolls is compared. Contact status is shown in Fig.
19. It can be seen that there are more contact points between
the variable curvature roll and the bar; that is, the contact state
is better. The stress distribution on the surface of bar is shown
in Fig. 20. To make the contrast more obvious, the stress
display range of finite element model is adjusted to 0–500
MPa. It can be seen that the stress distribution of the bar
surface after straightening with variable curvature roller is
more uniform.

At last, the roll shape of the two-roll straightener of a bar
manufacturer was reformed. The straightener is shown in Fig.
21. The roll shape data are shown in Table 4, and the straight-
ening test on site was carried out. The given target straightness

Fig. 19 Comparison of contact states

Fig. 20 Surface stress profile

Fig. 21 Straightener for a factory
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is 0.6 mm·m−1. The process parameters of concave roll angle,
convex roll angle, and guide plate spacing calculated from the
process setting model in this paper are shown in Table 5.
Because of the elastic deformation of the straightener, the
parameters of roll gap are given according to the experience
of setting the roll gap. Bar comparison after straightening on
site is shown in Fig. 22.

The curvature variation of the whole straightening process
is obtained by analytic calculation as shown in Fig. 23. The
final residual curvature is 0.0000031667 and the correspond-
ing deflection is 0.4 mm·m−1. The target results are consistent
with the field straightening results.

7 Conclusion

The design method of variable curvature roll shape studied in
this paper meets the requirements of curvature change and
surface quality of bar in straightening. Based on the theory
of small curvature plane bending springback theory, the cur-
vature calculation process of elastic recovery in one bending
of bar is deduced. According to the characteristic, every half
circle of bar rotates corresponds to one reverse bending. The
whole straightening process of bar is analyzed and calculated,
and the optimization calculation of concave roll angle and
convex roll angle is realized. On this basis, the setting method
of the gap between rolls and guide plates is discussed, and the
conclusions are as follows.

(1) The roll shape design method based on uniform and var-
iable curvature can be used to calculate the roll shape of
two-roll bar straightening. The straightening roll de-
signed with this roll shape can achieve high-precision
straightening of bar.

(2) The evolution process of original curvature, reverse cur-
vature, springback curvature, and residual curvature un-
der different curvature ranges can be obtained by the full
process reverse bending springback calculation of bar

Table 4 Data of the
straightening roll type Concave roll Convex roll

z/mm R/mm z/mm R/mm

− 185 130.17 − 185 144.72
− 172.6 129.93 − 172.6 141.56
− 160.3 129.75 − 160.3 138.56
− 148 129.62 − 148 135.71
− 135.6 129.54 − 135.6 133.03
− 123.3 129.5 − 123.3 130.53
− 111 129.49 − 111 128.2
− 98.67 129.52 − 98.67 126.08
− 86.33 129.57 − 86.33 124.16
− 74 129.64 − 74 122.46

− 61.67 129.71 − 61.67 120.99
− 49.33 129.79 − 49.33 119.77
− 37 129.87 − 37 118.79

− 24.67 129.94 − 24.67 118.08
− 12.33 129.98 − 12.33 117.65

Table 5 Site straightening parameters

Straightening parameter Given value

Bar diameter/mm Φ40
Bar yield strength/MPa 1000
Elastic modulus of material/MPa 206000
Hardening modulus of the material/MPa 50000
Angle of the concave roll/(°) 18.1
Angle of the convex roll/(°) 19.2
Spacing of guide plate/mm 46
Original deflection/(mm·m−1) 10
Length of roll profile/mm 400

Fig. 22 Bar comparison after
field straightening
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two-roll straightening. The influence of different curva-
ture ranges on the final straightening accuracy of bar can
be obtained by this method.

(3) The concave roll angle and the convex roll angle need to
be matched. The purpose is to make the bar reach a
certain bending state in the roll gap and make the bend-
ing state as smooth as possible. The angle parameters
obtained by the method described in this paper can meet
the needs of straightening.

(4) In the straightening process, the contact state between the
variable curvature roller and the bar is good, and the
surface quality of the bar can be improved.
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