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Abstract: At present, there are few reports on the profiling mechanism that can achieve surface
envelope profiling along the surface of a shaft whose radius is constantly changing. Existing profiling
mechanisms cannot achieve this function. To this end, a novel deployable arc profiling mechanism
is presented in this paper. The mechanism can realize centering deployment along the shaft with
a changing radius. The radius of the deployable arc can be adapted to the continuous change of
shaft radius, and its surface can always maintain the arc shape for surface envelope profiling. The
mechanism is mainly composed of compound cams. Each cam contains multiple grooves, and each
groove connects to an arc support linkage. The arc support linkage is controlled by the compound
motion of cams in different layers. The pitch curve of each groove is designed by applying the method
of relative motion and inverse solution and obtained various parameter equations of the mechanism.
The feasibility of this mechanism is verified by analysis, experiment, and application test. The results
show that the proposed deployable arc profiling mechanism can achieve the design purpose and the
profiling accuracy is kept above 96.425%.

Keywords: profiling mechanism; deployable arc; centering deployment; compound cams; multiple
grooves; pitch curve design

1. Introduction

Profiling process is based on a pre-made model, which enables a cutting tool to perform
synchronously copying action by using a profiling mechanism, so that the parts with the same
profile can be machined on the part blank [1]. Profiling process has the characteristics of requiring
profiling mechanism and pre-made model, it uses a profiling mechanism to carry out passive copying
processing [2]. With the development of CNC machine technology, the profiling mechanism is no
longer necessary, but precise measurement, sensor, and control system are needed [3]. The profiling
mechanism is basically replaced by these electronic systems, which reduces the dependence on
the profiling mechanism and also reduces research on it. However, the structure of early profiling
mechanism is relatively simple, and most of them are profiled along a fixed path or curved surface of
the convex plate. As a result, there are few reports about the profiling mechanism that can achieve
surface envelope profiling along the surface of a shaft whose radius is constantly changing.

The surface envelope profiling along a radius-changing shaft can be understood as the arc of the
shaft surface runs a deploying movement within the radius of the shaft. At the same time, the profiling
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parts of the profiling mechanism to be designed also carry out the synchronized envelope deploy
motion along with the shaft. This kind of profiling mechanism has never been reported before, but
the deployable mechanism which can carry out the movement can provide reference for designing it.
As a new type of structure, the deployable mechanism has gradually attracted the attention of scholars
and become a research hotspot [4]. In 1960, Buckminster Fuller, an American architect, first proposed
the concept of deployable structure. Subsequently, E. P. Pineo [5] successfully applied the concept to
design the deployable dome structure of movable theatre. In this deployable dome structure, when
it is deployed, a fixed shape of an arc can be formed on it. NASA has developed a large number of
deployable space antenna systems, that when it is deployed, a fixed shape of the curved surface can be
formed [6–8]. Deployable mechanism with polyhedron shape different from an arc or a curved surface
was also proposed [9]. With the introduction of flexible components, a rigid-flexible coupling state was
appeared in the deployable mechanism [10]. The related design methods such as graph theory, flow
value method, bionics method, and topology method were also reported [11–14]. The reports of these
deployable mechanisms emphasized the final shape that can be maintained after deployed, but the
dynamically changing shape that can be maintained in the process of deploying was not the focus of
research. Nevertheless, previous reports can provide useful references for the design of the deployable
arc profiling mechanism which can maintain the arc shape during the deployment in this paper.

In order to achieve complex motion, some deployable mechanisms were driven by the cam
mechanism. Cam mechanism has the advantages of high motion precision, easy driving, compact
structure, and convenient design, and has been widely used. Giorgio Figliolini [15] proposed
a composite cam mechanism with curved grooves. Jyh-Jone Lee [16–18] eliminated the impact load at
the beginning and the end of the motion. Ion Simionescu [19–21] designed the self-centering statically
determinate grippers, has two and three fingers, used to handle the work piece with a cylindrical
shape. The related mathematical models of the self-centering grippers are obtained, and the optimum
synthesis of the two fingers self-centering grippers are also showed. Chen Junhua [22] solved the
problem of errors in the design of cam plane contour. Ren-Chung Soong [23,24] designed a cam
transmission mechanism for generating precise trajectories. Nelson, Todd G. [25] designed the structure
of the deployable cam and achieved the transition of a rolling element from a plane state to a deployed
state. Changjiang Zhou [26] reduced the vibration of the cam mechanism. Li Meng [27] satisfies the
specific dynamic requirements of the deployable mechanism by using a cam mechanism. These studies
have gradually improved the motion accuracy and reliability of the cam mechanism, and also applied
it to the deployable mechanism. It provided the basic theories and references for the design of the
composite multi-cam structure.

In this paper, by analyzing the dynamic change process of deployable arc in deploying motion,
the motion trajectory of compound cams that drives the deployable arc is obtained. Then make the
obtained motion trajectory motion-decomposed, after it, the parametric equation of the pitch curve
of each cam groove is obtained. Finally, a symmetrical shape of deployable arc profiling mechanism
is designed out. The theoretical analysis, experimental verification, and practical application test
(applied to the banana crown cutting device) of this mechanism are carried out. The results show that
the mechanism can perform surface envelope profiling well along the shaft surface with the changing
radius. The obtained parametric equations have practical application value.

2. Description of Deployable Arc Profiling Mechanism

2.1. Structure of Mechanism

The deployable arc profiling mechanism presented in this paper is shown in Figure 1.
The mechanism is made up of upper, middle, and lower three-layer plane. Multiple grooves
are distributed in each cam. The upper layer consists of two driving cams, a deployable arc, and
multiple arc support linkages. The middle layer consists of a stationary cam, a sliding table, a push
linkage, and two transmission linkages. The lower layer consists of an adjusting groove and two linear
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guides. The lower layer is fixed on the machine frame. The middle layer is installed on the lower
layer’s two linear guides. The upper layer is connected to the middle layer by using the push linkage
and transmission linkages. One end of the transmission linkages is connected to the driving cams,
and the other end is connected to the push linkage. The sliding table on the middle layer drives the
push linkage to drive the mechanism. All the arc support linkages are connected to the deployable
arc with hinges. The arc lengths between any two adjacent connection points are equal. The other
end of the arc support linkages is connected to the two driving cams by using pin shaft. All the pin
shafts are welded to its corresponding arc support linkages, and perpendicular to it. Among these
pin shafts, there are two pin shafts symmetrically installed along the center line of mechanism and
pass through three grooves of the upper, middle, and lower layers’ cams at the same time. The rest
of the pin shafts only pass through two grooves of upper- and middle-layers’ cams. The mechanism
is a plane motion pair composed of cam grooves. The deploying movement of the arc is driven by
the interaction between the driving of push linkage and the relative motion of composite multi-cam.
The final result of the movement is that the deployable arc can be deployed around a fixed arc center
and achieve continuous change of the arc radius.
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Figure 1. Structure of deployable arc profiling mechanism.

2.2. Design Principle of Mechanism

In the process of gradually deploying of the arc, the arc length between any two points on the arc
remains unchanged. These two points can form their own special motion trajectories. The positions
of selected points are different, and the trajectories formed are also different. In order to make the
deployable arc maintain its arc shape in the process of deploying, we can select several points on the
deployable arc as the driving points and drive the arc according to these formed motion trajectories.
In this way, the continuous deployable motion of the arc can be achieved. Among all the selected
driving points, there is one point at each end of the arc and one point at the midpoint of the arc. The arc
length between any two adjacent points is equal, and each driving point is connected with an arc
support linkage. The center lines of all the arc support linkages intersect at the center of the arc, then
the angle of all the adjacent arc support linkages is equal. As the arc gradually deploying, the free end
of the arc support linkages can form special motion trajectories on the same plane. Since the angle
and arc length between any two adjacent support linkages are equal, these motion trajectories can
be calculated. The motion trajectory can be regarded as the pitch curve of the cam groove, and the
obtained mathematical model is the model of the pitch curve. In this paper, the straight line passing
through the midpoint of the arc and the center of the arc is the symmetrical center line of the deployable
arc mechanism, all parts on the mechanism move symmetrically along it. We numbered the arc support
linkages as shown in Figure 2. Apart from the fixed No. 0 support linkage, there are No. n (n = 1, 2, . . .)
support linkages in the upper part of the mechanism.
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3. Parameter Design of Deployable Arc Profiling Mechanism

3.1. Pitch Curve of Stationary Cam Groove

The pitch curves of stationary cam grooves are the trajectories generated by the projection of the
end of arc support linkages on stationary cam during the deploying process. The pitch curves are
naturally formed in the process and are not affected by other cams. During designing the pitch curves
of stationary cam grooves, take the midpoint of the deployable arc as the coordinate origin O1, The No.
i (i = 1, 2, . . ., i ≤ n) support linkage is connected to point A (X1A, Y1A) on the arc, and the end of this
support linkage is point P (X1P, Y1P). The projections of points A and P on the X1-axis are points B and
C, respectively. The extension line of support linkage passes through the center of the arc at point O,
as shown in Figure 3. The angle between extension line and X1-axis is α, the radius of the arc is r, the
length of arc support linkage is l, the arc length between any two adjacent support linkages is c.
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With a change in the radius r of the arc, the angle α changes follow it, but the length of arc Ō1A
remains unchanged. Since the arc length between any two adjacent support linkages is equal to c, the
length of arc Ō1A is equal to ic, and the angle α = ic / r. Since point A is on the arc (X1A + r)2 + Y1A

2 =

r2, (X1A , −2r), the coordinate of point A is (X1A,
»

r2 − (r + X1A)
2). Owing to OA/OB = OP/OC and

OA/AB = OP/PC, we can obtain equation:
r

r+X1A
= r+l

r+X1P
r√

r2−(r+X1A)
2
= r+l

Y1P
(1)

solving it we can get: ®
X1P = r+l

r (r + X1A) − r

Y1P = r+l
r

»
r2 − (r + X1A)

2 (2)
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while cosα = (r + X1A) / r and α = ic / r, so r + X1A = rcos(ic / r). Take it into Equation (2), we can obtain
the pitch curves of point P on stationary cam grooves as:®

X1P = (r + l) cos ic
r − r

Y1P = (r + l) sin ic
r

(3)

where r is the radius of arc, l is the length of support linkage, and c is the arc length of segmented
arc. If r varies from 20 to 50 mm, l = 70 mm, c = 10 mm, and the number of support linkages (in the
upper part) is 5. The pitch curve at the end of No. i (i = 1~5) support linkage and the upper part of the
stationary cam are shown in Figure 4.

Symmetry 2019, 11, x FOR PEER REVIEW 5 of 17 

 

1 1

2 2
1 1

( )

( )

P A

P A

r lX r X r
r

r lY r r X
r

 += + −
 + = − +


 (2)

while cosα = (r + X1A) / r and α = ic / r, so r + X1A = rcos(ic / r). Take it into Equation (2), we can 
obtain the pitch curves of point P on stationary cam grooves as: 

1

1

( )cos

( )sin

P

P

icX r l r
r
icY r l
r

 = + −

 = +


 (3)

where r is the radius of arc, l is the length of support linkage, and c is the arc length of segmented 
arc. If r varies from 20 to 50 mm, l = 70 mm, c = 10 mm, and the number of support linkages (in the 
upper part) is 5. The pitch curve at the end of No. i (i = 1~5) support linkage and the upper part of the 
stationary cam are shown in Figure 4. 

 
Figure 4. Pitch curves of stationary cam grooves and upper part of stationary cam. 

3.2. Parameter Design of Driving Cam 

Parameter design of the driving cam consists of three parts: 
1. Pitch curve design of driving cam grooves, which can drive the support linkages to carry out 

regular movement. 
2. Driving motion equation design. 
3. Motion positioning groove design, which enables driving cam to be driven according to the 

resulted motion parameters. 

3.2.1. Pitch Curve of Driving Cam Grooves 

During the driving cam driving the arc support linkages, it performs a combined motion of 
translation and rotation. According to the principle of relative motion, the driving cam can be 
regarded as a fixed object, the support linkages driven by the driving cam is regarded as an active 
moving part. When the support linkages are moving, because the angle and the arc length between 
any two adjacent support linkages are equal. So, all the ends of support linkages exhibit a regular 
motion state during the movement, and their trajectories relative to driving cam can be found. These 
trajectories are the pitch curve of driving cam grooves. 

In order to simplify the design process, we can make the motion trajectory of the end of any one 
support linkage is a given straight line Y = aX + b, and make the end of any other one support linkage 
as a fixed point, e.g. O2 at the end of No. j (j = 1, 2, . . ., j ≠ n) support linkage shown in Figure 5. In this 
way, the motion trajectories of remaining support linkages can be obtained by the given straight line 
and the fixed point. This fixed point O2 is taken as the coordinate origin, and the endpoint E of No. n 
support linkage is moving on the straight line. F is the projection point of point E on X2-axis. The 

Figure 4. Pitch curves of stationary cam grooves and upper part of stationary cam.

3.2. Parameter Design of Driving Cam

Parameter design of the driving cam consists of three parts:

1. Pitch curve design of driving cam grooves, which can drive the support linkages to carry out
regular movement.

2. Driving motion equation design.
3. Motion positioning groove design, which enables driving cam to be driven according to the

resulted motion parameters.

3.2.1. Pitch Curve of Driving Cam Grooves

During the driving cam driving the arc support linkages, it performs a combined motion of
translation and rotation. According to the principle of relative motion, the driving cam can be regarded
as a fixed object, the support linkages driven by the driving cam is regarded as an active moving part.
When the support linkages are moving, because the angle and the arc length between any two adjacent
support linkages are equal. So, all the ends of support linkages exhibit a regular motion state during
the movement, and their trajectories relative to driving cam can be found. These trajectories are the
pitch curve of driving cam grooves.

In order to simplify the design process, we can make the motion trajectory of the end of any one
support linkage is a given straight line Y = aX + b, and make the end of any other one support linkage
as a fixed point, e.g., O2 at the end of No. j (j = 1, 2, . . ., j , n) support linkage shown in Figure 5. In this
way, the motion trajectories of remaining support linkages can be obtained by the given straight line
and the fixed point. This fixed point O2 is taken as the coordinate origin, and the endpoint E of No. n
support linkage is moving on the straight line. F is the projection point of point E on X2-axis. The
motion trajectory of point Q (X2Q, Y2Q) that located at the end of No. i support linkage is the pitch
curve of driving cam groove.
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Since point E is on the straight-line Y = aX + b, so the coordinate of point E on O2-X2Y2 plane is
(X2E, aX2E + b). Vector e2 is a unit vector along X2-axis on O2-X2Y2 plane, so the angle between vector
e2 and vector O2E is: Æ

→
e2,
−−−−→
O2E

∏
= arccos

X2E»
X2E2 + (aX2E + b)2

(4)

Since points E, Q, and O2 are on the same arc, and point O is the center of the arc, then
∠EO2Q = ∠EOQ/2 = (n− i)c/2r. Since i ≤ n, ∠EO2Q is always positive. Therefore, the angleÆ

→
e2,
−−−−→
O2Q

∏
=

Æ
→
e2,
−−−−→
O2E

∏
− ∠EO2Q = arccos

X2E»
X2E2 + (aX2E + b)2

−
(n− i)c

2r
(5)

In triangle OO2Q, since the lengths of OO2 and OQ are equal to r + l, and ∠O2OQ = (i− j)c/r, we
can obtain the length of O2Q is:

|O2Q| = 2(r + l) sin
(i− j)c

2r
(6)

In the same way, the length of O2E can be obtained as:

|O2E| = 2(r + l) sin
(n− j)c

2r
(7)

Then, the coordinate of point Q can be preliminarily determined as:
X2Q = |O2Q| cos

≠
→
e2,

→

O2Q
∑

Y2Q = |O2Q| sin
≠
→
e2,

→

O2Q
∑ (8)

Since the unknown variable X2E exists, so the Equation (8) needs to be further solved.

There is an equation (aX2E + b)2 + X2E
2 =

[
2(r + l) sin (n− j)c

2r

]2
in triangle O2EF. Solve it can get:

X2E =
−ab−

…
(ab)2

− (a2 + 1)
[
b2 − 4(r + l)2sin2 (n− j)c

2r

]
a2 + 1

(9)
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Take Equation (9) into the coordinate of point Q. Finally, the parameter equation of pitch curve at
the end of No. i support linkage on driving cam is obtained as:

X2Q = 2(r + l) sin (i− j)c
2r cos

ñ
arccos X2E√

X2E2+(aX2E+b)2
−

(n−i)c
2r

ô
Y2Q = 2(r + l) sin (i− j)c

2r sin

ñ
arccos X2E√

X2E2+(aX2E+b)2
−

(n−i)c
2r

ô (10)

If r varies from 20 to 50 mm, l = 70 mm, c = 10 mm, j = 1, n = 5, and the straight line is Y = −X / 2.
The pitch curve at the end of No. i support linkage and the upper part of driving cam are shown in
Figure 6.
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3.2.2. Driving Motion Equation

This section will present the motion equations of the driving cam, i.e., the translational trajectory
of point O2 and rotational motion around point O2 on O1-X1Y1 plane, as shown in Figure 5. The
trajectory of point O2 and point E on O2-X2Y2 plane can be expressed by Equation (3), then, i = j
corresponds to point O2, and i = n corresponds to point E in Equation (3). Thus, the translational
trajectory equation of point O2 (base point) on O1-X1Y1 plane is:®

X1O2 = (r + l) cos jc
r − r

Y1O2 = (r + l) sin jc
r

(11)

Similarly, the translational trajectory equation of point E on O1-X1Y1 plane is:®
X1E = (r + l) cos nc

r − r
Y1E = (r + l) sin nc

r
(12)

In order to obtain the rotational motion equation of driving cam, a coordinate system is established,
as shown in Figure 7. Point E is an intersection point between the introduced straight line on driving
cam and the No. n groove on stationary cam. e1 is a unit vector along X1-axis direction on O1-X1Y1

plane, and e2 is a unit vector along X2-axis direction on O2-X2Y2 plane. Vector e1 is fixed on the
symmetrical center line of the mechanism, and vector e2 is moved relative to vector e1 on the driving
cam. ϕ is the angle between vector e2 and vector e1. When e2 is parallel to e1 and in the same direction,
the value of angle ϕ is zero. When e2 moves counterclockwise with respect to e1 and through the
zero position, the value of ϕ is a positive number, while when it is clockwise with respect to e1 and
through the zero position, the value of ϕ is a negative number. The direction of rotation of ϕmarked in
Figure 7 is the direction of the deployable arc in deploying motion, and ϕ is a negative value at this
time. The rotational motion equation of driving cam relative to stationary cam is a rotation vector of
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vector e2 relative to vector e1. The rotation angle ϕ of driving cam can be obtained according to the
change of rotation vector of vector O2E that is relative to vectors e1 and e2.
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On O1-X1Y1 plane, vector O2E can be derived by the parameter equations of points O2 and E,
the angle between vectors e1 and O2E can be calculated. So, the rotation vector O2E relative to e1 on
O1-X1Y1 plane is: Æ

→
e1,
−−−−→
O2E

∏
= π− arccos

ï
sin

(n + j)c
2r

ò
(13)

According to Equation (4), vector O2E = (X2E, aX2E + b), and rotational change of vector O2E
relative to vector e2. The rotation angle ϕ on driving cam can finally obtained as:

ϕ = π− arccos
ï

sin
(n + j)c

2r

ò
− arccos

X2E»
X2E2 + (aX2E + b)2

(14)

3.2.3. Motion Positioning Groove

Although the motion of driving cam is obtained in Section 3.2.2, the driving cam is not fully
constrained. The base point O2 only constrained one translational degree of freedom (DOF) of driving
cam. The other two DOFs are the movement DOF of the base point O2 along the No. j groove and the
rotation DOF of the driving cam, which are not constrained. Except for the base point O2, an additional
positioning point G should be added to constrain the rotational DOF. Correspondingly, a motion
positioning groove should be designed on stationary cam, whose pitch curve can be calculated by
using obtained motion equations of the driving cam.

A coordinate system is shown in Figure 8. The additional motion positioning point G (X2G, Y2G)
is on O2-X2Y2 plane, the projection point of G on O1-X1Y1 plane is G’ (X1G’, Y1G’). The trajectory of G’
forms the motion positioning groove.
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If driving cam moves according to Equation (11), point G can form a projection trajectory on
O1-X1Y1 plane. With the driving cam rotates ϕ angle according to Equation (14), the projection of
point G moves to point G’ on O1-X1Y1 plane. According to coordinate transformation of Cartesian
coordinate system, the coordinate of point G’ relative to O2-X2Y2 plane is:ñ

X1G′

Y1G′

ô
=

ñ
cosϕ − sinϕ
sinϕ cosϕ

ôñ
X2G
Y2G

ô
(15)

So, the pitch curve of motion positioning groove is:®
X1G′ = X2G cosϕ−Y2G sinϕ+ (r + l) cos jc

r − r
Y1G′ = X2G sinϕ+ Y2G cosϕ+ (r + l) sin jc

r
(16)

The pitch curve of motion positioning groove and the final grooves of stationary cam are shown
in Figure 9. All the grooves on lower half of stationary cam are symmetrical with upper half along
X1-axis on O1-X1Y1 plane.
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At this time, the rotation DOF of the driving cam is completely constrained by the motion
positioning groove and the base point motion groove. We put pin shafts passes through these cam
grooves corresponding to its serial number. The driving cam produces a relative motion with the
stationary cam under an external driving force, their intersecting grooves interact to drives arc support
linkages to move. Finally, the deployable arc can be continuously changed under the condition of
maintaining its shape of an arc, and the mechanism has only one DOF, that is, the deployable arc can
be deployed. A schematic diagram of the deploying process is shown in Figure 10.
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3.3. Pitch Curve of Adjusting Groove

As shown in Figure 10, the deployable arc has been realized the deploying movement. However,
the deployable arc is deployed centered on the midpoint of the arc, rather than centered on the circle
center of the arc. Its deploying center point moves on the symmetrical center line. In order to solve
this problem, it is necessary to add an adjusting groove. This section is to make the deployable arc
have a fixed deployment center. The basic idea is to use an adjusting groove to drive a stationary cam
to compensate for the displacement of a changing center. In this way, the mechanism can have a DOF
for adjusting the deployment center. The stationary cam is placed on adjusting groove and move along
with the direction of the linear guide located on the adjusting groove shown in Figure 1.

The coordinate system shown in Figure 3 is established when designing the pitch curves of
stationary cam grooves. It can be seen from the figure that the deploying center point O always moves
on X1-axis, and there is no displacement is performed on Y1-axis. If the endpoint R (X1R, Y1R) of any
one of arc support linkage is selected as the driving point, the motion component Y1R of point R on
Y1-axis is equal to the motion component Y1P of point P on Y1-axis in Equation (3). In the X1-axis
direction, it is only necessary to subtract the increment r of the arc radius change to keep the position
of deploying center point O unchanged. According to the principle of relative motion, the relationship
between X1R and X1P can be derived, that is, X1R = X1P − (−r). At this point, the pitch curve of the
adjusting groove can be drawn: ®

X1R = (r + l) cos ic
r

Y1R = (r + l) sin ic
r

(17)

In this paper, we select the No. 1 pitch curve (i = 1 in Equation (17)) to design and produce
adjusting groove. Make the pin shaft at the end of the No. 1 arc support linkage to passes through
the No. 1 groove of the driving cam, stationary cam, and adjusting groove at the same time. Through
the drive of the driving cam, the deployable arc profiling mechanism finally realizes the centering
deployment around the circle center of the arc. Finally, the mechanism has two DOFs, one for deploying
the deployable arc and the other for adjusting the deployment center. Figure 11 shows the difference
between with and without adjusting groove, and a comparison of between centering and un-centering
deploying motion.
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3.4. Driving Parameter of Deployable Arc Profiling Mechanism

The driving component of the mechanism is composed of a push linkage and two equal length
transmission linkages. The half-length of push linkage is s, the length of transmission linkage is t,
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as shown in Figure 12. The connection point between transmission linkage and driving cam is point U.
The coordinate of point U on O2-X2Y2 plane where the driving cam located is U (X2U, Y2U), and the
projection point U’ of U on O1-X1Y1 plane is U’ (X1U’, Y1U’) where the stationary cam located. The
driving parameter is d.
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It can be calculated from Equation (16), the coordinate of point U’ on O1-X1Y1 plane is:®
X1U′ = X2U cosϕ−Y2U sinϕ+ (r + l) cos jc

r − r
Y1U′ = X2U sinϕ+ Y2U cosϕ+ (r + l) sin jc

r
(18)

Since the coordinate of point V (d, s), and the length of vector UV and U’V are equal to t on
O1-X1Y1 plane. Then the relationship between driving parameter d and arc radius r can be obtained as
(d − X1U’)2 + (s − Y1U’)2 = t2, solving it can get:

d = X1U′ +
»

t2 − (s−Y1U′)
2 (19)

Take Equation (18) into Equation (19), then the driving parameter d is finally obtained:

d =

√
t2 −

ï
s−X2U sinϕ−Y2U cosϕ− (r + l) sin

jc
r

ò2
+X2U cosϕ−Y2U sinϕ+(r+ l) cos

jc
r
− r (20)

In the end, all of the parameters of the deployable arc profiling mechanism were designed out.
Among them, the pitch curve of stationary cam groove is Equation (3), the pitch curve of driving
cam groove is Equation (10), the driving motion equation of driving cam are Equations (11) and (14),
the pitch curve of motion positioning groove is Equation (16), the pitch curve of the adjusting groove is
Equation (17), and the driving parameter is Equation (20).

4. Analysis and Experiment

4.1. Impact of Parameters a and b

The movement of the pin shaft is driven by the intersecting groove between stationary cam and
driving cam. There is an included angle of this intersecting groove shown in Figure 13. Due to the
friction angle existing at the contact point between the pin shaft and groove, the value of the included
angle could affect the movement of the pin shaft and the value of the driving force. In the design
process of driving cam, we introduced a straight-line Y = aX + b, which is the key factor affecting
the driving cam groove. Similarly, it affects the value of the included angle (variation range from
90◦ to 180◦). In order to analyze the impact of parameters a and b on the included angle, we select
a = −0.5, a = −1, and a = −2 in turn, corresponding to the value of each a, b = 35, b = 0, and b = −35 are
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sequentially selected for analysis. The other parameters in the analysis are r varies from 20 to 50 mm,
l = 70 mm, c = 10 mm, j = 1, and n = 5. The results are shown in Figure 14.
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(a3) a = −0.5, b = −35, (b1) a = −1, b = 35, (b2) a = −1, b = 0, (b3) a = −1, b = −35, (c1) a = −2, b = 35,
(c2) a = −2, b = 0, (c3) a = −2, b = −35.
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It can be seen from the figure that as radius r increase, the included angle increases gradually.
From the horizontal comparison of diagrams (a1), (a2), (a3), (b1), (b2), (b3), and (c1), (c2), (c3) can be
seen that with the value of b decreases, the included angle decrease. From the longitudinal comparison
of diagrams (a1), (b1), (c1), (a2), (b2), (c2), and (a3), (b3), (c3) can be seen that the value of a has little
effect on the included angle. In particular, when b = 0, the change in the value of the included angle is
no longer affected by a.

In the actual movement of the pin shaft, it could move smoothly in the intersecting groove under
the condition that only when the value of maximum included angle minus 90◦ is always smaller
than the friction angle. Therefore, we take the maximum value of the included angle to analyze
the distribution law of the maximum value and the optimal parameter combination of a and b. For
comparison, the minimum value of the included angle is also given. The results are shown in Figure 15.
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From the figure, we can see that if the value of b is small, the value of the included angle gradually
decreases with the increase of a. However, if the value of b is large, the value of the included angle
gradually decreases with the decrease of a. If b = 0, the value of a has no effect on the included
angle. Before and after this value, the variation trend of included angle changes with the value of
a has changed. If a is fixed, then the included angle always decreases with the value of b decreases.
Comparing (a) with (b), the variation trend of the maximum value and minimum value are the same,
but the change of maximum value is greater. Within the selected test range, the optimal parameter
combination of included angle is a = −0.5 and b = −35. For these parameters, the maximum value of
the included angle is 126.3◦ and the minimum value is 96.9◦.

4.2. Prototype Verification

According to the pitch curves obtained by Equations (3), (10), (16), and (17), the grooves of each
cam on experiment set of deployable arc profiling mechanism are processed. The experiment set uses
a servomotor to drive the push linkage. The driving cam, stationary cam, and adjusting groove are all
made of acrylic sheet. The selected processing parameters are listed in Table 1.

With the arc radius r varies from 20 to 50 mm, the driving parameter d is calculated from the
Equation (20) that it varies from 213.7 to 328.6 mm. A number of values of arc radius are selected for
testing. The diameter of the deployable arc is measured on the inner arc surface. The average diameter
is calculated after four repeated measurements, and then converted to a radius value to be compared
with the selected test value. The selected levels of test parameters and test results are listed in Table 2.
Part of the deploying test process is shown in Figure 16.
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Table 1. Processing parameters of experiment set.

Parameter Value

Range of variation of radius r (mm) 20~50
Arc length of segment arc c (mm) 10.5

Length of arc support linkage l (mm) 70
Total number n of arc support linkages in upper part of mechanism 5

Length of push linkage s (mm) 150
Length of transmission linkage t (mm) 265

Given straight line Y = −X/2 − 35
Coordinate of motion positioning point G (−160, 43)

Coordinate of connecting point U (−87, 79)

Table 2. Selected levels of test parameters and test results.

Test Arc Radius r
(mm)

Corresponding
Parameter d (mm)

Measured Arc
Radius r (mm)

Radius Deviation
(mm) Accuracy (%)

20 213.7 19.285 0.715 96.425
25 244.2 24.300 0.700 97.200
30 269.0 29.290 0.710 97.633
35 288.8 34.285 0.715 97.957
40 304.8 39.295 0.705 98.238
45 317.8 44.290 0.710 98.422
50 328.6 49.290 0.710 98.580Symmetry 2019, 11, x FOR PEER REVIEW 15 of 18 
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From the test results, it can be seen that the radius deviation between the actual measured and
the set value is maintained between 0.700 and 0.715 mm. Within the test range, the lowest value of
profiling accuracy is 96.425% at 20 mm, and the highest value is 98.580% at 50 mm. With the gradual
deploying of the arc, the profiling accuracy is gradually improved. From the deploying test process,
it can be seen that regardless of how the radius of the arc changes, their center is always at a fixed
point, which is the center of their arc. The variation range of the arc is very large, when the arc radius
is small, the arc is nearly a circle.

In order to make the pin shaft move smoothly in the groove, the clearance fit method is adopted
in the assembly between the groove and the pin shaft. Owing to the existence of clearance, the radius
deviation occurred between the measured arc radius and the tested values [28–30]. With the test value
is gradually increased, the accuracy of the experiment set is gradually increased. This is because the
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clearance value has a specific range, it almost unchanged during the test, the ratio between clearance
value and test radius is gradually decreased, so the accuracy is gradually increased.

The test process shows that the mechanism can well achieve continuous profiling along a fixed
center. This feature could be potentially used in banana crown cutting devices. The stalk of banana
grows with bending and variable diameter, which requires the banana harvesting device to have
a good function of profiling cutting with variable diameter. Therefore, we applied this deployable arc
profiling mechanism to the banana crown cutting device to demonstrate its potential usage. Figure 17
shows the effect of the work after applying the deployable arc profiling mechanism. As a comparison,
the working effect (Figure 17a) of a conventional cutting device that does not have such a deployable
arc profiling mechanism is also exhibited. From the comparison, it can be seen that the working effect
of the cutting device after the application is obviously better than that before. The incision quality
of banana crown has greatly improved. The improvement of the quality of incision can increase
the economic value of the banana, and prolong the preservation time. Therefore, the research and
development of this mechanism has certain research value and application needs.
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5. Conclusions

This paper proposed a novel symmetrical shape of deployable arc profiling mechanism that can be
deployed around a fixed arc center and achieve continuous change of the arc radius. The mechanism
is composed of compound cams, each cam contains multiple grooves. The deployable arc is driven
for centering deployment through the interaction between driving cam grooves and stationary cam
grooves, and through use, adjusting groove to adjust the displacement of deploying center point.
By applying relative motion and inverse solution method, the pitch curve of each groove on each layer
is designed, all the relevant equations of the mechanism are obtained.

The impact of the introduced straight-line Y = aX + b on the included angle of intersected grooves
are also studied. We found that the value of b has a greater influence on the included angle, and the
value of a has a smaller influence on it. If b = 0, the value of a has no effect on changes in the included
angle. Within the selected test range, the maximum value of the included angle is 126.3◦, and the
minimum value is 96.9◦.

The profiling accuracy of the deployable arc is studied by experiment. The results show that the
radius deviation is maintained between 0.700 and 0.715 mm. The lowest value of profiling accuracy is
96.425%, and the highest value is 98.580%. With the deployment of the arc, the profiling accuracy is
gradually improved. The potential usage of the deployable arc profiling mechanism is applied to the
banana crown cutting device to demonstrate it. It is confirmed that the working effect of the cutting
device after the application is obviously better than that before. The incision quality of the banana
crown has greatly improved.

The straight line is used as an introduced curve to quickly design the pitch curve of the cam
groove. In future work, by introducing different forms of curves to diversify the shape of the groove,
and the included angle between these grooves can be further optimized.
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6. Patent

The deployable arc profiling mechanism designed in this paper has applied for and obtained
a Chinese invention patent, patent number: CN107598603A.
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