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Abstract— The rapid development of additive manufacturing
technology makes it possible to fabricate a patient-specific
surgical robot in a short time. To simplify the assembly
process of the printed robotic system, compliant-joint-based
monolithic structures are often used as substitutes for rigid-
link mechanisms to realize flexible bending. In this paper, we
introduce a cruciate-ligament-inspired compliant joint (CLCJ)
to improve the bending stability of the 3D-printed continuum
surgical robots. The basic structure of the tendon-driven CLCJ
mechanism and its kinematic model were described in detail.
The bending performance of CLCJ was also successfully
evaluated by FEM simulation and experimental tests. Besides, a
prototype of CLCJ-based surgical robotic system was presented
to demonstrate its application in 3D-printed continuum surgical
robots.

I. INTRODUCTION

In recent years, research on patient-specific medical robots
has attracted much attention. The increased demand for
patient-specific robots is due to the fact that surgical in-
tervention approaches and operation workspaces can vary
greatly for patients of different ages and genders [1]. In or-
der to achieve just-in-time manufacturing of patient-specific
robots with complex shapes, the 3D printing technology is
frequently used because of its high efficiency and high de-
sign freedom. According to their kinematics, the 3D-printed
surgical robots can be divided into two categories: rigid-link-
based robots and continuum robots. For the first category, a
typical example was presented in [2], where a 3D-printed
reconfigurable surgical robot was developed for endoluminal
surgery, using printed revolute joints and gears for motion
transmissions. The main limitation of the rigid-link-based
surgical robots is that, a lot of laborious work is still required
to assemble the separately printed components. To cope with
this problem, continuum structure based mechanisms, as in
the second category, are incorporated into the design of 3D-
printed surgical robots, whose motion is based on elastic
deformation of the flexible members in the structure. For
instance, an elastic concentric tube robot was developed by
Morimoto and Okamura using the selective laser sintering
(SLS) technology [3]. The same 3D-printing technology
was also utilized in our institute to fabricate tendon-driven
continuum robots for patient-specific applications [4], [5].

In our previous studies [4], [5], notch-hinge-based compli-
ant joints (NHCJ) were successfully used to achieve flexible
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Fig. 1. Comparison of the CLCJ structure and the cruciate ligaments in
human knees: a) A continuum robotic structure based on CLCJs, b) The
anatomy of cruciate ligaments in the knee.

bending of the tendon-driven continuum robots. However, the
mechanical stress in a largely deflected NHCJ is unevenly
distributed, which could lead to fatigue or even fracture of
the continuum robotic structure [6]. To cope with this prob-
lem, we present a cruciate-ligament-inspired compliant joint
(CLC]J) in this paper to improve the mechanical performance
of the 3D-printed continuum robots (see Fig. la). Herein,
the concept of cruciate ligaments was incorporated into our
design because the anterior and posterior cruciate ligament
act like two cross-axis ropes that can effectively protect the
human knees and make the rotating movements between the
femur and tibia stable (see Fig. 1b).

The remainder of the paper is organized as follows:
Section II describes the basic geometry of the CLCJ-based
continuum structure and the tendon-driven actuation mech-
anism. A kinematic model is also provided. In Section III,
results of FEM-based simulation and experimental tests are
presented to verify the bending performance and the kine-
matic model of the continuum structure. Section IV presents
an SLS-printed CLCJ-based surgical robot to demonstrate
the application of the bionic joints in medical robots. The
entire work is concluded in Section V. Future work is also
outlined.

II. DESIGN OF CLCJ-BASED CONTINUUM STRUCTURE
A. Structure of a Single CLCJ

As is shown in Fig. 1a), a CLCJ-based continuum structure
is comprised of a set of repetitive rigid circular disks and
flexible CLClJs. In our design, the goal of a single CLCJ (see
Fig. 2) is to achieve 1-degree-of-freedom (1-DOF) rotation
along the z-axis. Since the original cross-axis two-beam

4645



|

|

lod, | Ihd :

pO " BR

a0t 1 bJ%’M_Ihj
N b

- : D i= :
; ; i

Z-axis view x-axis view

Fig. 2. Structure of a single CLCJ (marked with parameters).

TABLE I
VALUES OF THE DESIGN PARAMETERS FOR CLCJ

Parameter Symbol Value
Diameter of the rigid circular disk D 9mm
Distance between two neighboring disks h; 3mm
Thickness of a disk hg 2.5 mm
Thickness of a single beam t 0.5mm
Inclination angle of a beam «a 45°
Gap for central cable routing bo 1mm
Width of a beam b1 1mm
Gap between two cross-axis beams ba 0.3mm
Distance between central line and side cable de 3.5 mm

structure (anterior and posterior cruciate ligament) may cause
unwanted out-of-plane displacements when actuated by in-
plane moments [7], we have incorporated four symmetrical
cross-axis beams into the CLCJ to improve its in-plane
bending performance (see Fig. 2). The values of several
important parameters are listed in Table I. It should be
mentioned that, the small gap bs between the neighboring
cross-axis beams was constructed to avoid merging of the
beams during the SLS printing process. The inclination angle
«a was chosen as 45° according to the previous study on
cross-axis pivots [8], while the beam thickness ¢ was set to
0.5mm based on our preliminary study on SLS-printable
flexure hinges [6].

Using the analytical methods in [9], the rotational stiffness
of a CLCJ in z, y and z axis can be calculated as:

M, 14Ebjtsina  Ebit®sina
Ko, = — = (1)
0, 3h; 3h; (v + 1)
K M, 2Ebjtsina 4Ebit3(sina)®  Ebit’sina
ey = —= =
5, 3%, B 3h;(v + 1)
5 2
Ky — M, _ Ebit° sin « 3)

<7, 30,

where Ky, , Ky, and Kp_ are the obtained rotational stiff-
nesses. £ = 1700MPa and v = 0.3 are the elastic modulus

and Poisson’s ratio of the printing material PA2200 (EOS
GmbH, Germany). 8, 0, and 6, are the decoupled rotational
angles induced by the in-plane moments M, M, and M.,
respectively. From (1), (2) and (3), the stiffness ratios of
Ky, /Ky, and Ky, /Ky, can be calculated as:

Ko, 1462 1

—L = —= 4+ —— =~ 56. 1 4
K=ty R @)
Ko, 2b7  12b%(sinc)?
v =1 ~94>1 5
Ko, 02 e

Since both Ky, /Ky, and Ky, /Ky, are much greater than 1,
we can see that the CLCJ can effectively resist the torsional
moments along the z and y axis. From this point of view,
the bionic joint is able to perform stable in-plane rotation
along the z axis.

B. Tendon-Driven Actuation Mechanism

The bending movements of the CLCJ-based continuum
structure were actuated by a tendon-driven mechanism. To
reduce the transmission backlash, we developed a Bowden-
cable-integrated linear actuation system, as is shown in
Fig. 3a). Since the Bowden cable can transmit both pull and
push forces, we used a single cable to realize the back and
forth bending of a single segment of the continuum structure,
in which the CLCJs have the identical rotation orientation. In
addition, a compliant slider mechanism (see Fig. 3b) was also
developed to actuate the Bowden cable, whose displacement
could be controlled manually or by computer algorithms.

Bowden cable

Cable
sheath

1

CLCJ

Slider __,
(a) mechanism

Channel for
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®) Spring

Fig. 3. Bowden-cable-integrated linear actuation system: a) Schematic
diagram of the tendon-driven actuation mechanism, b) A compliant slider
mechanism to control the cable.

C. Kinematic Modeling

In this section, we used the constant curvature method
(CCM) [10] to describe the kinematics of the CLCJ-based
continuum robotic structure. Herein, a single segment of the
continuum robot was taken into account, which consists of n
basic CLCJs. A schematic diagram was presented in Fig. 4 to
describe the CCM-based kinematic model, whose deflection
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Fig. 4. A schematic diagram of the kinematic model for the CLCJ-based
continuum robotic structure.

occurs in the z-y plane. According the CCM theory, the
center line of the continuum robot is considered as a circular
arc with a radius of R and a constant arc length of I¢op.
Pcg and Ocp are the end point and the angle of the arc,
respectively. P depicts an arbitrary point on the central arc.
The cable actuation length is denoted by Algc.

The kinematic constraints due to the constant arc length
can be formulated as:

lce = Rcbcr = n(hj + ha) (6)
Alpc = Rebcr — (Re —do)0cr = dbck 7

Let Alpc be the variable, R¢ and ¢ g can be calculated
from (6) and (7) as:

ndc(h]‘ + hd)

N ®)
Al
bcr = dBC )

On the other hand, the coordinates of Pog and Po can
be described as:

{xCE =Rc(1 — cosbck)

. (10)
yce =Rcsinfcg

zc =Rc(1 — cos (éﬁ))
L, (1n
yo =Re sin (FZ)
Substituting (8) and (9) into (10) and (11) yields:
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which present the forward kinematics of the cable-driven
CLClJ-based continuum robotic structure.
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Fig. 5. Comparison of the stress distribution of a CLCJ and an NHCJ
under the z-axis moment M : a) The stresses inside the CLCJ were evenly
distributed along the cross-axis beams, b) The stresses inside the NHCJ
were highly concentrated in the notch hinges.

(@

(b)

III. EVALUATION OF THE BENDING PERFORMANCE
A. FEM-Based Stress Analysis

In this section, large-displacement FE-simulation [11] was
performed to analyze the stresses in a CLCJ under the z-axis
moment (see Fig. 5a). The stresses in an NHCJ for the same
loading condition were also analyzed for comparison (see
Fig. 5b). From the simulation results, it can be noticed that
the stress distribution of CLCJ is more even than that of
NHC]J, which shows the better mechanical performance of
CLCl.

B. In-Plane Bending Tests

To validate the kinematic model described in Section II-
C, in-plane bending tests were conducted. The experimental
setup is presented in Fig. 6, where a continuum robotic
structure made of 7 CLCJs was used for bending. A digital
microscope (Conrad DP-M17) was used to measure the
coordinates of the center-line point {P;};—1 2 .7 on each
disk during the bending movement. In the experiment, the
continuum structure was actuated by the Bowden cable to
reach 4 poses with Alpe of —7d./2, —wd./4, 7d./4 and
nd./2. Fig. 7a) shows the deflected shape in the 1* and 4"
pose. The measured results are reported in the blue curves in
Fig. 7b), where each measurement was repeated for 3 times

k=

Fig. 6. Experimental setup for the in-plane bending tests.
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Fig. 7. Experimental results: a) The deflected shapes of the continuum
structure with Algc of —wd./2 and wd./2, b) A comparison of the
calculated (red) and measured (blue) coordinates of P; in the 4 poses.
Alpc are —md./2, —7wd.:/4, wd./4 and wd./2 in the 4 poses.

to improve the credibility of the results. Compared to the
analytical results (the red curves) calculated by the kinematic
model in (13), the maximum coordinate difference is only
2.0mm, which means the in-plane bending movements of
the CLCJ-based continuum structure can be well described
by the CCM-based kinematic model.

IV. APPLICATION TO 3D-PRINTED SURGICAL ROBOT

To demonstrate the the application of CLCJ, an SLS-
printed continuum surgical robot was presented in Fig. 8, in
which two segments of the CLCJ-based continuum structures
(from Section III-B) are incorporated. The orientation of
the CLCJs in segment 1 was vertical to that of segment
2 so that the continuum robot can realize 2-DOF bending.

A ptive forcep

A CLClJ-based 3D-printed continuum surgical robot.

Fig. 8.

A topology-optimized forceps [12] was also attached to the
tip of the robot to perform adaptive grasping of sensitive
tissues. Besides, the flexible-bending segments and the for-
ceps were all actuated by the tendon-driven mechanisms
described in Section II-B. Since the 3D-printed components
are all parametrically designed by our modeling toolbox in
MATLAB [13], the size of the presented continuum robot
can be easily adapted to patient-specific requirements.

V. CONCLUSION AND FUTURE WORK

In this paper, we presented a cruciate-ligament-inspired
compliant joint (CLCJ) to improve the bending stability
of 3D-printed continuum surgical robots. The mechanical
performance and kinematics of the CLCJ-based continuum
structure were successfully evaluated by FE-simulation and
experimental tests. In future work, multidimensional payload
tests should be carried out to evaluate the loading capacity
of CLCIJ. Besides, we will analyze the effect of different
sizes on the performance of CLCJ to explore its potential
for manufacturing patient-specific surgical robots.
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