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ABSTRACT Continuum manipulators have been widely used in minimally invasive surgery due to their
high dexterity. However, different surgeries have different stiffness and dexterity requirements. This paper
describes a continuum manipulator for robot-assisted surgery. The flexible part is a joint that can be
3D-printed using various materials. The flexible joints made of each material are of the same size but
have different stiffness and dexterity. In this way, the appropriate stiffness can be preset by selecting a
suitable manufacturing material according to specific surgical needs. Kinematic and static models of the
proposed flexible joints were designed. A finite element analysis method was used to calculate the correction
factors. We analyzed the workspace and stiffness differences between flexible joints made of different
materials quantitatively and qualitatively, respectively. We conducted experiments to verify the accuracy
of the static model and the stiffness differences between the flexible joints. Finally, several design variations
were introduced, which demonstrate the unique advantages of these flexible joints in the field of surgical
robotics.

INDEX TERMS Continuummanipulators, medical robotics, parametric modeling, robot kinematics, design
for manufacture.

I. INTRODUCTION
Robot-assisted surgery has attracted increasing attention in
recent years, and the advent of flexible continuum manipu-
lators has further expanded the scope of application of mini-
mally invasive robots in clinical surgery [1]. Compared with
traditional rigidmanipulators or surgical instruments, flexible
continuum manipulators that can bend and integrate many
types of end effectors or endoscopes improve dexterity and
the surgical range ofmotion [2], [3], whether in natural orifice
transluminal endoscopic surgery (e.g., to the skull base [4],
maxillary sinus [5], throat [6], and Nissen fundoplication
[2]) or in single-port laparoscopic surgery [7], [8]. Robots
with variable [9] or controllable stiffness [10], [11], have
also drawn a great deal of attention, as they improve the
stability of interaction with the human body. Generally, an
increase in the dexterity of a continuum manipulator causes
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a loss of stiffness and force capability [12]. For a surgical
continuum robot, it is necessary to possess adequate stiffness
to hold payloads during surgery while at the same time having
sufficient dexterity to pass through tortuous paths and to be
operated in a confined space [13]. Therefore, it is particularly
important to balance the relationship between dexterity and
stiffness for different minimally invasive surgeries.

Various studies have been conducted on the mechanical
structure of flexible continuum manipulators. Typical ones
include a cable-driven and a concentric tube mechanism [14].
For a concentric tube manipulator, Sears and Dupont [15]
designed a steerable needle based on sets of curved concentric
tubes, which performs surgical operations on sensitive tissue
and body cavities. Burgner et al. [16] designed a similar struc-
ture with an outer diameter of only 3.05 mm, which performs
transnasal skull base operations. The motion of this kind of
continuum robots is achieved by a combination of rolling and
sliding but without bending, which limits their dexterity and
controllable snapping [17], presenting a degree of difficulty
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in narrow surgical path planning. Considering factors such as
surgical safety and response speed, cable-driven mechanisms
are the most prominent candidate for surgical robots [18].
Therefore, this article focuses on the cable-driven continuum
manipulator, which can be classified according to whether or
not its bending is achieved by elastic deformation [19].

One type of cable-driven continuum manipulator is a
structure in which multiple small joints are connected by
cables. Hong et al. [5] designed a continuum manipulator
for wide-angle bending by pulling multiple stainless steel
joints connected in a series for maxillary sinus surgery.
Kim et al. [11] designed a 2-module 4-DOF manipulator
with a series of links. Each link has two cylindrical con-
tact surfaces, oriented orthogonally to each other to achieve
bending. The link, whose outer diameter is 20 mm, is
mainly made using 3D fused deposition manufacturing.
Another type is a structure that relies on elastic deforma-
tion of the joints to produce bending. Yoon and Yi [20]
and Kanno et al. [21] developed two similar 4-DOF bend-
ing mechanisms with two joints. Each joint consists of a
backbone and a series of supporting collars with cables
passing through. Haraguchi et al. [22] designed a spring-like
machined structure. Its end stiffness is about 0.71 N/mm,
and its outer diameter is 10 mm. Hu et al. [23] designed and
manufactured a 3D-printed helical-structured flexible joint
with a diameter of 9 mm using selective laser melting (SLM),
but with a single joint having only one bending degree of
freedom (DOF) to prevent undesirable axial compression. It
is made exclusively of 316L stainless steel.

Due to the effect of non-linear friction, the bending angles
of different joints of the first type are usually significantly dif-
ferent [5], [24]. The second type usually produces a smoother
body shape [23], which is helpful for kinematic modeling.
However, the current processing method of the second type
is mainly mechanical. If the manufacturer wants to obtain
a smaller diameter, this adds further requirements to the
manufacturing process, which also means an increase in cost.
Nowadays, using metal 3D printing technology can shorten
the technological process while reducing the fabrication cost.

At present, most of the stiffness control for flexible con-
tinuum manipulators is achieved by changing the designed
flexible structure’s geometric or material properties [25].
A typical method is to use a outer sheath with fixed
stiffness or to control its stiffness by, for example, memory
alloys or magnetic fluids. Then, by controlling the position
[26] or stiffness of the sheath [27], the continuum manipula-
tor’s stiffness can be changed. Instead of adding structure on
the outside of continuum manipulator, Brancadoro et al. [28]
designed a novel kind of stiffening system based on fiber
jamming transition that can be embedded in the channels
of manipulator. Shiva et al. [29] also developed a pneu-
matically actuated soft manipulator with tendons incorpo-
rated in the structure complement the pneumatic actuation
placed inside the manipulator’s wall to adjust overall stiff-
ness. However, applying a sheath or adding a stiffness control
channel in a continuum manipulator will necessarily increase

the dimensions. In addition to those, the solution based on
granular jamming [30], [31] also has the same disadvantage
of increasing dimensions. For minimally invasive surgery
with strict size requirements, such as natural human cavity
surgery (e.g., to the maxillary sinus), an increase in size
is unacceptable. In this respect, Kim et al. [11] presents a
hyperredundant tubular manipulator with a variable neutral-
line mechanisms to achieve adjustable stiffness. The basic
mechanics of variable neutral-line manipulator with stiffness
characteristics can be manufactured according to the stiffness
requirements of a specific minimally invasive surgery. In
this way, the problem of increasing the dimensions can be
solved by presetting the stiffness of continuummanipulator in
manufacture phase rather than during the surgery. However,
their method is only applicable to a continuum manipulator
with multi-sections structure but not the bending joints that
rely on elastic deformation.

Moreover, stiffness control of flexible continuum manip-
ulators based on kinematics and statics model [10] or the
force feedback of continuum manipulators [32], [33] also
attracted a lot of attention in this field. Whether from the
perspective of precise control or potential development value,
it is an indispensable part to establish the kinematics and
statics model of the designed continuum manipulator.

Therefore, this paper proposes a helical spring-like flexible
joint that can be manufactured using 3D printing technology.
The flexible joint relies on elastic deformation to produce a
smoother bending shape. What is more, it can be 3D-printed
using a variety of materials, including metals and non-metals.
So it brings more benefits such as the flexible joints can be
preset or combined, with different degrees of stiffness and
dexterity. Section II details the kinematic and static models
of this flexible joint and the parameters modified in a finite
element analysis. The differences in workspace and stiffness
between flexible joints made of different materials are ana-
lyzed quantitatively and qualitatively, respectively. Section III
presents the design of a static model validation system to ver-
ify the accuracy of the static model and a stiffness experiment
to evaluate the stiffness differences between metallic flexible
joints. Moreover, some design variations are introduced and
the benefits of our work for surgical robot applications are
summarized. Section IV concludes and presents our direc-
tions of future work based on this paper.

II. DESIGN AND MODELING OF THE FLEXIBLE JOINT
A. DESIGN AND FABRICATION
Fig. 1 presents an overview of a master-slave flexible surgical
robot system that can be used for robot-assisted laryngeal
biopsy. The system consists of four parts: the continuum
manipulator system, a 6-DOF manipulator (UR5e), a PC,
and a remote operation controller (Geomagic Touch). The
continuum manipulator has a 2-DOF bending function with
a 2.3-mm instrument channel. It can be inserted into a
biopsy forceps or radiofrequency ablation equipment for
laryngeal surgery, or it can be inserted into an endoscope for
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FIGURE 1. Overview of the flexible surgical robot system.

observation. The continuum manipulator system is mounted
on a 6-DOF manipulator to perform the spatial positioning
function. These two parts constitute the slave device of the
entire system. The continuum manipulator system is con-
nected to the PC through a USB interface, and the 6-DOF
manipulator and the master controller are connected to the PC
through Ethernet cables. The position and pose of the master
controller are mapped to the slave device consisting of the
continuum manipulator system and the 6-DOF manipulator
to perform point-to-point positioning control.

This article focuses on the analysis and modeling of the
flexible joint, an important part of the continuummanipulator
system. Fig. 2 is a schematic of the designed spring-like
flexible joint. Its structure is divided into three main parts.
The first is a rigid distal functional part that can be integrated
with surgical instruments. The second part is a helical struc-
ture that provides bending deformation. The spring structure
includes four circular threading holes. The centres of the
threading holes are located at the middle diameter of the heli-
cal structure. The cables can pass through the entire flexible
part through those holes. The third part is an assembly part,
which is convenient for connecting the control mechanism.

This article focuses on the analysis and modeling of the
flexible joint, an important part of the continuummanipulator
system. Fig. 2 is a schematic of the designed spring-like
flexible joint. Its structure is divided into three main parts.
The first is a rigid distal functional part that can be integrated
with surgical instruments. The second part is a helical struc-
ture that provides bending deformation. The spring structure
includes four circular threading holes. The centres of the
threading holes are located at the middle diameter of the heli-
cal structure. The cables can pass through the entire flexible
part through those holes. The third part is an assembly part,
which is convenient for connecting the control mechanism.

Compared with other flexible joints structures, this type of
structure has the following advantages:

1) The structures are 3D printable with various materials
to preset the stiffness and dexterity according to the
requirements of different minimally invasive surgeries.

FIGURE 2. Side view and front view of spring-like flexible joint.

2) 3D printing technology reduces processing steps and
manufacturing costs [23].

3) Compared with structures using a spring as a backbone
[20], the control cable directly passes through the flex-
ible part, which reduces the control spacing and the
model’s margin of error.

4) It allows for highly customizable sizes and assembly
designs for different types of surgical instruments.

In this study, flexible joints were manufactured using SLM
technology. They can bemade from a range ofmetal powders,
including titanium alloy TC4 (Ti–6Al–4V), maraging steel
18Ni300, stainless steel 316L, etc. In order to improve or
control the mechanical properties of flexible joints made
of certain materials, different kinds of heat treatment can
be performed [34] to meet the requirements for use. In the
printing process of the helical structure used in this study,
no support structures were added, as deformation without a
support structure is minimal for models with small channel
sizes [23].

B. KINEMATIC AND STATIC MODELS
The symbols used in the modeling are listed in Table 1.

Consider the following assumptions in the modeling pro-
cess:

1) As cables with smooth surfaces are used, it can be
assumed that the effect of friction between the cables
and the threading holes is negligible.

2) The gravity of the flexible joint is much weaker than
the external force and can thus be ignored.

3) The pulling force at the knot can be analyzed into
pure bending moment and axial force, and in the elas-
tic deformation range, the final deformation can be
approximated as a simple superposition of the defor-
mation under those two loads.

As shown in Fig. 3, the cables driven by the servo motor
can apply a pulling force at the distal end of the flexible
joint. The pulling force at the knot can be analyzed into pure
bending moment M and axial force F at the center line of
the flexible joint. It can be approximately considered that the
superposition of bending deformation and axial compression
deformation caused byM andF is the final deformation of the
flexible joint [35]. According to the geometric relationship,
the rotation angle of the flexible joint can be calculated by
the cables’ displacement.

θ =
21L
D

(1)

If we ignore the axial compression deformation, the
bending radius of the flexible joint can also be obtained
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TABLE 1. Symbols used in the modeling.

FIGURE 3. Schematic of the bending flexible joint.

geometrically.

r =
l0
θ
=

l0D
21L

(2)

If the maximum bending angle θmax is reached when the
gap between each screw stroke at the edge is zero, the maxi-
mum bending angle can be known geometrically.

θmax =
2Np
DO

(3)

The kinematic equation is very simple in form, and it is
easy to find the position and pose of the flexible joint. For
a metallic material with a high elastic modulus and a small
degree of bending, the equation can be applied with a small
margin of error. However, if it is a non-metal or metal with

FIGURE 4. Analysis diagram of bending moment and section force.

a low elastic modulus, the effect of axial deformation will
be more significant when an axial force is applied, and the
equation will result in a greater error. In addition, as the
force-position characteristics of different materials are also
different, the degree of that influence is also different, so it
is necessary to establish a static model. The static modeling
method of the flexible joint of this structure is presented
below.

As shown in Fig. 4(a), the right hole has a pulling force
in an inward direction. In the helical structure, consider an
infinitesimal element with an angle range of dα for analysis.
The corresponding arc length on the mean coil is dx. Moment
M generates bending moment M (α) and torsional moment
T (α) on the cross-section, as shown in Fig. 4(b) and 4(c).
Consider the role of each of them in the element. Equation (4)
presents the internal and external work of loads.

1
2
Mθ =

1
2

∫
M (α)dϕ +

1
2

∫
T (α)dγ (4)

where dϕ is the bending moment angle on the element, and
dγ is the twist angle.
The bending angle that can be generated under the action

of the bending momentM (α) can be expressed as (5).

dϕ =
M (α)
EI

dx (5)

For rectangular sections, I = ab3/12. Knowing from the
geometric relationship that Ddα = 2dx, if the number of
active rings of the flexible joint is N , then∫

M (α)dϕ =
∫ 2πN

0

DM (α)2

2EI
dα =

πNF2D3

8EI
. (6)

Unlike the spring with a circular cross-section, the tor-
sional moment is more complicated in a rectangular cross-
section. Some scholars have performed theoretical analyses
for the calculation of the deformation and stress in a rect-
angular cross-section through the principle of elasticity [36],
[37]. In this study, the algorithm in [37] was adopted, that is,
the torsional angle that can be generated under the action of
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torque is

dγ =
T (α)
GK

dx. (7)

Therefore,∫
T (α)dγ =

∫ 2πN

0

T (α)2D
2GK

dα =
πNF2D3

8GK
(8)

K =
ab3

8

[
16
3
− 3.36

b
a

(
1−

b4

12a4

)]
(9)

Thus, the bending angle can be calculated by (10).

θ =
πNFD2

4

(
1
EI
+

1
GK

)
(10)

However, the above deduction process is conditioned on
the absence of cracks in the rectangular cross-section. The
designed flexible joint has some rectangular cracks in its
section due to the existence of the threading holes through
which the cable passes. This is bound to cause errors [38].
Therefore, it is necessary to add the structural correction
factors λI and λK , which are related to I and K , respectively.
If the material and size of the flexible joint are determined,
EI and GK are both constant. The correction factors can be
simplified to one λθ , and (10) can be rewritten as

θ =
πNFD2

4

(
λI

EI
+
λK

GK

)
=
πλθNFD2

4

(
1
EI
+

1
GK

)
.

(11)

The force F acting on the centerline of the flexible joint
will cause compression, which in turn will cause the bending
radius to change. From the geometric relationship, the bend-
ing radius of the helical structure r under the action of F is
calculated as

r = (l0 − y) /θ. (12)

where y is the axial deformation of the flexible joint, and l0 is
the original length of the flexible part. The specific deducing
steps are given below, analogous to the modeling method of
circular cross-section springs [39].

Under the action of axial load F , the strain energyU of the
helical structure can be expressed as

U =
T 2l
2GK

+
F2l
2AG
=
πλKNF2D3

8GK
+
πλANF2D

2AG
. (13)

where T = FD/2 is the torque on the rectangular section,
A = ab is the rectangular cross-sectional area, and l = πDN
is the total coil length. Then, the axial deformation y can be
calculated using Castigliano’s theorem.

y =
∂U
∂F
= πλyNFD

(
D2

4GK
+

1
AG

)
(14)

where λA is the correction factor related to A, and λy is
the overall correction factor. By substituting (12) for (14),
the bending radius can be obtained. The above analysis also
shows that the bending angle and axial compression of the
flexible joint are independent of the pitch of the flexible
structure and only affect the maximum bending angle and the
maximum axial compression.

TABLE 2. The mechanical parameters used in FEA.

C. MODEL CORRECTION BASED ON FINITE ELEMENT
ANALYSIS
In order to calculate the correction factors λθ and λy, which
are difficult to obtain in the theoretical static model, and also
to prevent some parts of the joint from entering a plastic
deformation phase due to the excessive bending angle during
the experiment. In this study, static analysis was performed
using Abaqus Standard solver. The specific dimensions are
5 mm in outer diameter, 1.2 mm in inner diameter, 1.4 mm
in pitch, 30 active rings, and 43.15 mm in total length of
the flexible part with flat ends. In the finite element analy-
sis (FEA), the material properties were set to linear elastic
materials. The mechanical parameters used in FEA, tested
using standard American Society for Testing and Materials
(ASTM) E8 methods, are shown in Table 2.

Fig. 5 shows the finite element analysis simulation result
of the flexible joint made of 18Ni300 when the tensile force
is 38.7 N. It can be seen that under the action of bending
moment or axial concentrated force, the stress distribution is
relatively uniform, and the rotation angle and compression of
each helical turn structure are approximately the same. Thus,
the bending curvature is also relatively uniform. At the same
time, it can be observed that under the action of the bending
moment, the area near the threading holes at 90◦ adjacent
to the activated cable has the maximum Von Mises stress.
Under the concentrated pressure load, the maximum Von
Mises stress locations are distributed at the inner wall of the
helical structure. It has also been found in experiments that
this is the point of crack initiation. In this case, it is possible
to optimize the structure of flexible joints using finite element
analysis, which has been extensively studied [40], [41].

During static loading process, the external force increases
linearly with time. Regards to this, we use n1 and n2 shown in
the Fig. 5 as the monitored nodes, and record the coordinate
information of n1, n2 ∈ R2 at each output step. In this way,
the bending angle θ and the axial deformation y at time t can
be obtained by (15). Meanwhile, the value of maximum Von
Mises stress is also monitored. The FEA process will stop
when this output value is greater than the yield strength of
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FIGURE 5. FEA result of the 18Ni300 flexible joint with a 38.7N pulling
force.

FIGURE 6. Finite element analysis data.

the material.

θ (t) =
〈
(1, 0) ,

−−−−−−→
n1(t)n2(t)

〉
y(t) =

1
2
‖n1(t)+ n2(t)− n1(0)− n2(0)‖ (15)

As shown in Fig. 6, the bending angle of different materials
under M and the axial compression under F are verified by
the finite element method. It can be observed that, corre-
sponding to the static model, the bending angle and the axial
compression are proportional to the tension, and the higher
the elastic modulus of the material, the smaller of the slope.
It can also be seen in Table 2 and Fig. 6 that the TC4 tita-
nium alloy flexible joint of this structure can produce a large
deflection angle θ with less bendingmoment. This means that
the tension requirement of the pulling cable is smaller, which
reduces not only the strength requirement of the driven cables
but also the output torque that the servomotor should provide.
For a flexible joint made of AlSi10Mg, the tensile force
required and the stiffness are weaker when it undergoes great
deformation, but it may enter the plastic deformation phase
prematurely, which affects the repeated use of the flexible
joint or results in fracture, causing safety issues. In short, in
theory, the more easily the material deforms, the less stiffness
the flexible joint made of it has. If the length of the flexible
joint is the same, the deflection angle that can be used in the
safe range is also affected by the yield stress of the material.

From Fig. 6, (11), and (14), it can be known that within
the elastic deformation, the deflection angle and compression

TABLE 3. Correction factors based on finite element analysis.

FIGURE 7. Schematic of the flexible joint bending in three-dimensional
space.

of the flexible joint are proportional to the applied tension.
The difference is that because the theoretical model uses the
method of modifying coefficients to modify the section coef-
ficients, whereas the finite element method directly considers
the effect of section changes in the model, the results cal-
culated by the finite element method should be closer to the
real conditions. The results obtained from the finite element
analysis can be used to calculate the correction factors in the
theoretical static model.

Based on the results of the finite element analysis shown in
Table 3, we can conclude that the ideal correction factors can
be considered as λθ = 1.280 and λy = 1.064. Compared with
no-cracks sections, flexible joints with threading holes should
be more prone to deformation. Therefore, the two correction
factors greater than 1 are also in accord with objective laws.

D. ANALYSIS OF WORKSPACE AND STIFFNESS
Fig. 7 is a schematic of a flexible joint bending in three-
dimensional space. In the initial state, the apex of the flexible
joint is located at the origin of the coordinate axis, and its
axial direction coincides with the z-axis. Since the flexible
joint is bent, only one of the two driven cables on the opposite
corners is tightened, while the other two are in a relaxed state.
Therefore, the pulling force of the cable inside the threading
hole located at the x-axis in free state can be defined as
Fx . Fx > 0 when the threading cable in the positive axis
is activated, and Fx < 0 when the threading cable in the
negative axis is activated. A similar definition applies to Fy.
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FIGURE 8. Workspace differences in different materials.

The angle between the bending plane and the x-o-z plane is γ .
Together with θ and r , the flexible joint’s position and pose
can be expressed.

The kinematic and static models of unidirectional cable-
driven flexible joints have been analyzed above. If the basic
assumption holds, it is also applicable to three-dimensional
space because the tensile forces Fx and Fy can be analyzed
and combined into a total bending moment and axial load.

M =
D
√
F2
x + F2

y

2
(16)

F = |Fx | +
∣∣Fy∣∣ (17)

If the equivalent bending force is defined as Fxy =√
F2
x + F2

y , then

θ =
πλθNFxyD2

4

(
1
EI
+

1
GK

)
(18)

y = πλyNFD
(
D2

4GK
+

1
AG

)
(19)

β is the angle between the positive unit vector of the x-axis
and (Fx , Fy, 0).

β =
〈
(1, 0, 0), (Fx ,Fy, 0)

〉
(20)

According to the above analysis, the workspaces of flexible
joints for different materials with the same size as in the finite
element analysis were derived, and the results shown in Fig. 8
were obtained. Of which, Fx ,Fy ∈ [−30, 30] (N). According
to the result of FEA, AlSi10Mg will enter the plastic phase
prematurely when the pulling force reached 10 N, thus, set
its Fx ,Fy ∈ [−10, 10] (N). It can be seen that for a flexible
joint made of a material with a higher elastic modulus, the
working space is smaller under the same driving force.

Besides the workspace, the stiffness of flexible joints made
of different materials must be different. Due to the complexity
of the load form and the cross-sectional shape, only the
factors that affect the stiffness of this type of flexible joint
were analyzed qualitatively.

Analogous to the definition of bending stiffness of simply
supported beams, the stiffness of a flexible joint can be
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FIGURE 9. Schematic of the hollow circle sector.

defined as EI , where E is the elastic modulus and I is the
section moment of inertia [25]. As shown in Fig. 9, because
it is a helical structure, its cross-section is not a regular torus
but a hollow circle with an angle of ζ .
From the geometric relationship, the angle ζ of the hollow

circle can be calculated by (21).

ζ =
2πb
p

(21)

According to [31], if the y-axis is the symmetry axis of the
hollow circle, the section moment of inertia is

Ix =
D3
Oa

8

×

[(
1−

3a
DO
+

4a2

D2
O

−
2a3

D3
O

)(
ζ + sin ζ

2
−

2sin2 ζ2
ϕ

)

+
4a2sin2 ζ2

3D2
Oϕ(1− a/DO)

(
1−

2a
DO
+

2a2

3D2
O

)]
− Iox

Iy=
D3
Oa

8

(
1−

3a
DO
+

4a2

D2
O

−
2a3

D3
O

)(
ζ − sin ζ

2

)
− Ioy

(22)

where Iox and Ioy are the cross-section moment of inertia of
the threading holes on the x-axis and y-axis, respectively.

From the geometric relationship, it can be seen that Iox and
Ioy are positively related to the diameter of the threading holes
do. It can be known from (22) that Ix and Iy are positively
related to the angle ζ , the helical outer diameter DO, and the
section width a.

According to the above analysis, the parameters affecting
the stiffness can be obtained (Table 4). Under certain flex-
ible joint material and load conditions, the stiffness of the
flexible joint is positively related to its outer diameter DO,
section width a, and section thickness b, but the pitch p and
the diameter of the threading hole do are negatively related.
Under certain structure size and load conditions, the stiffness

TABLE 4. Correction factors based on finite element analysis.

FIGURE 10. Manufactured flexible joints. (a) 18Ni300. (b) 18Ni300
(heat-treated). (c) TC4. (d) 316L. (e) Hard rubber. (f) Soft rubber.

of the flexible joint is proportional to the elastic modulus of
the material used.

III. EXPERIMENT AND VALIDATION
Because there are errors in the actual manufacturing pro-
cess of flexible joints, it is not guaranteed that the mechan-
ical properties of all manufactured flexible joints accurately
match the statistical averages in Table 2. The above men-
tioned causes of errors cannot be estimated and calculated
in the finite element analysis. Therefore, the finite element
analysis only verifies the ideal model, and it should deviate
from the actual use process of the flexible joint. In order to
further verify the accuracy of the static model and evaluate
its performance differences more accurately, it is necessary
to perform static and stiffness tests of the flexible joint entity.

A. EXPERIMENTAL MATERIALS AND METHODS
Flexible joints made of several different metals and with
the mechanical structure parameters shown in Fig. 10 were
selected to verify the accuracy of the static model. The struc-
tural dimensions in Fig. 10(a), 10(b), and 10(c) are 5 mm in
outer diameter, 1.2mm in inner diameter, 0.8mm in threading
hole diameter, and 1.4mm in pitch. The structural dimensions
in Fig. 10(d) are 6 mm in outer diameter, 1.2 mm in inner
diameter, 0.8 mm in threading hole diameter, and 1.3 mm
in pitch. This is because the material used for the flexible
joint shown in Fig. 10(d) is 316L, which has a higher value of
elasticity modulus and lower yield stress. Therefore, to avoid
fracture, a larger outer diameter and smaller pitch are needed.

In addition, as shown in Fig. 10(e) and 10(f), this struc-
ture can also be made of non-metals such as hard and soft
rubber. Hard rubber can be preset to varying hardness in 3D
printing. However, due to the poor rigidity of non-metallic
flexible joints, a wide bending angle can be generated by
a minute driving force. Compared with the driving force,
the effect of their own gravity is greater. Moreover, when

79580 VOLUME 8, 2020



F. Feng et al.: Design of 3D-Printed Flexible Joints With Presettable Stiffness for Surgical Robots

FIGURE 11. Model verification system.

the helical clearance of the flexible joint reaches zero, it
can continue to deform even after θmax is reached. For this
reason, the verification of its static model is not presented in
this section.

An overview of the hardware testing system is shown in
Fig. 11. The experiment used the MicronTracker3 optical
tracking system and a marker plate to record the position
and pose of the flexible joint. The marker plate has four
marked points(P1,P2,P3,P4) to obtain the position and pose
information, that is, the coordinate system {M}. During the
test, the coordinate system moves with the marker plate, with
its z-axis perpendicular to the joint bending plane at all times.
Another six marked points(take four of them P5,P6,P7,P8
for calculation) on the flexible joint base are used to obtain
the base coordinate system orientation of the flexible joint,
that is, the coordinate system {B}. During the test, it has no
relative movement to the coordinate system {C}. So these
points(P5,P6,P7,P8) should be blocked for higher detection
accuracy of the points on the marker plate. A Maxon RE 13
motor with a 275:1 reduction ratio planetary gearhead is used
to perform displacement operations on the cables passing
through the threading holes, which can provide a 0.3 N·m
continuous torque. Cables are connected and knotted to both
the flexible joint end and the motor output shaft. The side
pressure force sensor and pulley are combined to measure
the cables’ tension. An EPOS2 24/2 Positioning Controller
monitors the motor encoder signal in real time, as well as
the tension voltage signal with its 12-bit resolution analog
signal input port. The entire test system is powered by a
12-V DC power supply. The optical tracking system and
the EPOS2 controller are connected to the PC. On the PC,
the position of the flexible joint and the displacement and
tension data of the cables can be monitored and recorded in
real time.

B. VALIDATION OF THE STATIC MODEL
With the testing system shown in Fig. 11, the three-
dimensional coordinate values of the marked points can be

obtained by the optical tracking system. In order to corre-
spond to the static model, the position information related to
{M} needs to be expressed in {B}. To this end, we propose the
following calculation steps.

The coordinate values Pi in {C} can be represented by
column vectors (xi, yi, zi)T ∈ R3, and the unit vectors of the
x, y, z axis of coordinate system {M} and {B} are expressed as
n̂,ô and â respectively. According to the geometric relation-
ship, the orientation vectors can be obtained by (23).

−−−→
OCOB =

−−−→
OCP7 +

1
2
−−→
P5P6

−−−−→
OCOM =

1
4

4∑
i=1

−−→
OCPi (23)

And the unit vectors of {M} and {B} can also calculated
by (24).

n̂M =
1
2

 −−→P1P2∣∣∣−−→P1P2∣∣∣ +
−−→
P3P4∣∣∣−−→P3P4∣∣∣


ôM =

1
2

 −−→P4P2∣∣∣−−→P4P2∣∣∣ +
−−→
P3P1∣∣∣−−→P3P1∣∣∣


n̂B =

−−→
P8P7∣∣∣−−→P8P7∣∣∣ , âB =

−−→
P6P5∣∣∣−−→P6P5∣∣∣ (24)

Thus, the conversion relationship of the coordinate systems
{C} to {B} and {C} to {M} can be obtained by (25) [42].

ACB =
(
n̂B n̂B × âB âB

−−−→
OCOB

0 0 0 1

)
4×4

ACM =
(
n̂M ôM n̂M × ôM

−−−−→
OCOM

0 0 0 1

)
4×4

(25)

In this way, the points’ location of the coordinate system
{M} in the coordinate system {B} can be obtained. That means
we can know the transformation matrix by (26).

TMB = ACBA
M
C = ACB (A

C
M )−1 (26)

According to the assembly relationship, the coordinate axis
zM is perpendicular to the actual bending plane of the flexible
joint at all times. Thus, the distance between the coordinate
origin in the coordinate system {M}, which is the actual
endpoint and the ideal bending plane along the zm direction,
can be defined as an error 1Z . Its average value is 1Z , and
the standard deviation is σZ . The position of the endpointOM
is projected onto the ideal bending plane and compared with
the position calculated by statics. The experimental results
are shown in Fig. 12, where the X direction coincides with
the direction of the coordinate axis xB, and the origin of the
coordinate also coincides with OM .
It can be seen in Fig. 12 that when the deflection angle

is smaller, the error of the static model is smaller, and when
the deflection angle is larger, the error becomes larger. The
main reason for this behavior is that the assumptions in the
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FIGURE 12. Comparison between static model and experiment.

static model differ from the actual conditions. As the tensile
force applied by the cables increases, the friction between the
cables and the threading holes also gradually increases, and
the friction forces are different in different positions, which
affects the curvature assumption. For the problem of the small
deformation but a large rotating angle, the principle of force
superposition is no longer applicable, so the error caused by
simply superimposing the deformations caused by bending
moment and axial force also increases. What is more, due to
the lower yield stress of 316L steel, when the flexible joints
made of this material produce a large deflection angle, some
areas may have already entered the plastic deformation phase,
which may result in a great error. In addition, factors such
as the accuracy of the optical tracking system and the force
sensor, manufacturing errors in the flexible joint, and the knot
state of the cables also affect the experiment’s final error.

C. STIFFNESS TEST
In order to evaluate the stiffness differences between flexible
joints made of different materials, a series of standard weights
can be used to test the stiffness of each. Without a pulling
force, some standard weights are hung on the end of the
flexible joint, and its deflections in displacement and angle
are measured. Fig. 13 shows the condition of the flexible
joint made of maraging steel 18Ni300 (heat-treated) during
the stiffness test. The optical tracking method is still used to
monitor the deflection.

FIGURE 13. Stiffness test of a flexible joint made of 18Ni300
(heat-treated).

Comparing the stiffness test data of all the manufac-
tured metallic flexible joints, we obtain the rule shown in
Fig. 14(b),(c). It can be seen in the figures that, in general,
the higher the elastic modulus of the material, the better the
stiffness of the flexible joint. Specifically, under the same
load, the deflection in displacement and angle are relatively
less than others. We also find that there is a strong linear
relationship between weight and displacement. So the linear
function between them can be calculated by the least square
method. But the flexible joint made of 316L steel does not
conform to this rule due to its plastic deformation when the
load is great. However, this result is reasonable if the force-
position relationship in the plastic deformation phase [43] is
taken into account. We can consider the 316L flexible joint’s
stiffness of the elastic deformation phase(phase1) and the
plastic deformation phase(phase2) as two states. As shown
in Fig. 14(a), if symbol k represent the slope of each line
in Fig. 14(b), the stiffness of joints made of each material
can be obtained by g/k quantitatively, where g is the gravity
acceleration.

If a flexible joint with higher stiffness is used in a surgical
operation, it will be less affected by external interference
forces and the instruments’ driving forces, but tissue damage
caused by improper operation may also be greater. In connec-
tion with the above analysis results, if the maximum pulling
force exerted by the pulling cables is constant, the increase
in stiffness will also lead to a reduction in the workspace
of the flexible joint. Therefore, after determining the type of
flexible robot-assisted surgery, the operating space and safety
requirements necessary for the operation should be evaluated
in order to select the appropriate materials to manufacture the
flexible joint.

It can be concluded from the above experiments that the
TC4 titanium alloy is the best choice to manufacture the
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FIGURE 14. Results of the stiffness test.

flexible joints if the driven force of the instrument assembled
on the distal functional part or the payload is not large. Due
to its higher dexterity and less stiffness, it is safer for the
contact between surgical robots and tissue. In contrast, if
the instrument requires a considerable force to drive, which
may influence control accuracy, the flexible joints made
of 18Ni300 maraging steel(heat-treated) are recommend to
reduce unexpected errors. As for surgical robots with multi-
manipulators, for example, the single-port laparoscopic surgi-
cal robot which typically have one continuummanipulator for
vision and two for surgical instruments [7], [8], the flexible
joint for vision can be made of TC4 titanium alloy for higher
dexterity, while the flexible joints for surgical instruments
such as scalpel or gripper can be made of 18Ni300 maraging
steel(heat-treated) for improved control accuracy. From this
point of view, our approach undoubtedly provide an opti-
mal solution compared to conventional surgical robot design
scheme.

D. DESIGN VARIATIONS
In addition to the benefits mentioned above, there are more
interesting research areas can be found. Some design varia-
tions that we consider valuable are listed below.

1) BENDING CHARACTERISTICS OF NON-METALLIC
FLEXIBLE JOINTS
Although flexible joints made by non-metallic materials pose
problems such as difficulty in accurately modeling and are
greatly affected by their own and the instruments’ weight,
they still show excellent performance in wide-angle and
small-radius bending. As shown in Fig. 15, the flexible joint
made by hard rubber can still achieve a bending effect of more
than 200◦ and a bending radius close to 9.5 mm with a cable-
driven gripper. In the theoretical model and experiment, the
bending radius of all metallic flexible joints is greater than
20 mm. In future work, if their mechanical characteristics are

FIGURE 15. Bending condition of a flexible joint made of hard rubber.

analyzed by finite element methods or their kinematic mod-
eling problems can be solved by machine learning methods,
it is believed that such flexible joints made of non-metallic
materials can offer greater advantages in the field of surgical
robots.

2) PRESET STIFFNESS BY HEAT TREATMENT
From the above analysis, we can know that the presettable
stiffness of the designed flexible joint is directly determined
by the elastic modulus of the manufacturing material. How-
ever, in this analysis, the elastic modulus distribution of
different materials is dispersed and discontinuous. Choosing
the right material from the several materials used may not
be to the point of a specific stiffness. At present, flexible
joints manufactured using SLM technology can be heat-
treated under different conditions to meet the desired elas-
tic modulus requirements. For instance, Yin et al. [44] and
Casati et al. [45] both investigated the aging behavior and the
mechanical performance of selective laser-melted maraging
18Ni300 steel. Their results suggest that both the aging tem-
perature and the aging time affect the stress-strain curves
of the SLM maraging steel. From the stress-strain curves,
we can see that the elasticity modulus of 18Ni300 steel is
also influenced by the aging temperature and time. And it
is possible to continuously control the elasticity modulus by
continuous heat treatment temperature and time range. This
means that it is possible to preset the stiffness of flexible joints
more continuously with appropriate heat treatment.

3) MULTI-SECTION COMBINATION OF FLEXIBLE JOINTS
Fig. 16 shows the design of a 4-DOF continuum manipulator
that combines two flexible joints made of different materials.
The part near the functional side can be made of materials
with less stiffness but higher dexterity, such as TC4 tita-
nium alloy. The one near the control side can be made of
materials with higher stiffness, such as heat-treated maraging
steel 18Ni300. The advantage of this combination over the
traditional multi-section with a single material is that the
force coupling between the joints is reduced. As shown in
Fig. 16, the tension inside the TC4 joint has a smaller effect
on the deformation of the heat-treated 18Ni300 joint. Thus,
it is possible not only to reduce the deformation of the heat-
treated 18Ni300 joint influenced by coupling forces but also
to predict the deformation using the static model presented in
this paper.
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FIGURE 16. Multi-section combination of two kinds of metallic flexible
joints.

In the applications of surgical robots, appropriate materials
should be selected to manufacture flexible joints. For surgical
robots with multi-manipulators or multi-section, combination
of flexible joints made of different materials offers a more
optimal solutions and better designability compared to single
material one. Besides, this kind of flexible joint that can
be manufactured by 3D printing not only reduces manu-
facturing costs and shortens the production cycle but can
also be customized according to the needs of the functional
instruments and the assembly requirements. There is also a
purpose of this article is to provide a new method of stiffness
customization for those researchers who just started their
research on flexible joints or those who are not satisfied with
the stiffness of well-designed flexible joints. For this paper
provides a rapid remanufacturing method which is able to
change the stiffness without changing the designed structure.
In general, the way which stiffness can be customized during
manufacturing phase tends to be ignored by researchers, so
this method has not yet receivedmuch attention andmay have
great potential in further research.

IV. CONCLUSION
In this paper, we proposed a design of 3D-printed flexible
joints for surgical robots that can be made of different mate-
rials. A kinematic model can be derived from the constant
curvature assumption, and a static model can be derived
from the analysis and superposition of forces. Then, a finite
element analysis method is designed for the static model to
obtain the correction factors, which are difficult to calculate
theoretically. Furthermore, the workspaces of the joints are
quantitatively analyzed three-dimensionally, and the design
parameters that affect the stiffness of the flexible joints are
analyzed qualitatively. We designed a static model verifica-
tion system, and the results show that it achieves higher accu-
racy when the bending angle of the flexible joints is small.
We performed a test to compare the stiffness of flexible joints
made of different materials. The results reveal their different
bending properties and stiffness. We also introduced some
design variations, which we consider valuable for further
research. Finally, the benefits of our work are summarized
which indicate the great potential of those flexible joints
proposed for surgical robot applications.

In future work, we will focus on a specific surgical robot
system based on those flexible joints. The system may even

consist of flexible joints made of different materials. The
finite element analysis method also gives us some insight into
the optimization of flexible joint structures. Kinematics and
statics models established are valuable too. We will try to
examine the effects of cable tension and friction in the flexible
joint and optimize its force-position model. Based on those
model, we will also attempt to design a master-slave admit-
tance control system, which will certain improve the safety of
surgical robots, rather than position control. In addition, the
close-loop control and the force feedback function are also
possible to be developed by using those models and the force
sensing system in our validation process.
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