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Abstract— This paper introduces the bio-inspired open joint
for dynamic robots. The joint structure features the integration
of the open joint and ligamentous constraint. The proposed
structure is made from relatively simple machined components
and can be easily repaired. Verification of the proposed ap-
proach includes the qualitative evaluation of ROM (Range of
Motion). The tests showed that the proposed joint structure can
be a relevant approach for replicating the ROM of a human
knee joint. Future works include the actuation of the joint
system and integration into a real robot.

I. INTRODUCTION

Impact resistance is one of the fundamental performance
indices for legged robots. The improvement of anti-impact
performance boosts the robots’ mobility and endurance. This
motivation has led the researchers to extensive research on
robot mechanism design and elaboration of the drive trains.
Biological joints have several differences from conventional
robot structures. The open joint structure is one of such
characteristics. That is, ligaments, joint capsules and muscles
restrain the open joint’s motion [1]. Then the joint structure
achieves mobility and stability without sacrificing each of
them. This study targets the development of a bio-inspired
open joint that enhances a robot’s shock resistance (Fig. 1).

Engineering artificial open joints has been one of the main
streams in the field of arthroplasty/prosthesis. One prevalent
product is an artificial joint composed of a metallic joint head
and polyethylene socket. The material characteristics fit for
biocompatible use.

On the other hand, many trials have been made in the
robotics community since Shibata’s loosely coupled joint
[2]. Most of them are for shoulder and knee joints. For
knee joints, spring ligaments have been used not only for
constraint but also as length sensors for estimating joint angle
values. [3]. Another study applied cloth-based ligament-
like or tendon-like structures to life-sized legged robots [4],
[5]. Furthermore, a pneumatic biped exploited the simple
open-joint structure to achieve dynamic jumping and landing
behaviour in a repetitive way [6]. Based on the knowledge,
this study presents a bio-inspired open joint architecture
that integrates the surface contact joint and ligamentous
constraints.
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Fig. 1. Research concept. Biomimetic open joint performs shock endurance
with a simple structure. The prototype has four ligaments that contribute to
the enhancement of stability.

II. BIO-INSPIRED CONCEPTS

The section indicates the design approach of the bio-
inspired open joint with ligamentous constraints. Especially,
the study focuses on the knee joint.

A. Joint surface

“Screw-home movement” is one of the peculiar motions
specific to a human knee joint [7]. A knee joint has only
a pitch axis when stretched. However, The movement ap-
pears around the yaw-axis for the bent knee. The motion
can be useful for pedaling, for instance. For achieving the
movement, this research features the contact surface with the
envelope of a spherical surface. Most conventional studies
utilize cylindrical surfaces for pitch motion, which prevents
the motion around the yaw axis. One drawback coming from
the spherical surface is the decrease of the contact surface
area. For the increase of the contact surface area, applying
menisci-like elastic components would be beneficial [8].

B. Elastic ligaments

Compared to conventional axial-driven joints, a bio-
inspired open joint does not have rigid constraints such as
axes and bearings. The open joint has the risk of dislocation.
Therefore, some elastic constraints are necessary to prevent
dislocation. For instance, biological open joints adapt elastic
constraints such as joint capsules and ligaments. Ligamen-
tous constraints can support a larger load compared to joint
capsules. For designing ligamentous constraints, pre-tension
tuning is required. It is the main difference between the
ligaments and the motor-driven tendons. We adjusted the pre-
tension by twisting the ring of a fishing line [9]
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Fig. 2. Joint architecture. A ) Components. B ) Ligament arrangement.

III. PROTOTYPE DESIGN

The section illustrates the prototype design based on the
dimensions of human knee joint.

A. Joint surface

As mentioned in Section II-A, the envelope surface was
a spherical surface for the designed joint. The radius of the
sphere was 30 [mm]. Figure 2 A ) exhibits the components
of the prototype. We utilized 3D printers for manufacturing
them. For the joint head part, a SLS printer was used. On the
other hand, a FDM printer was used for the socket and the
frame connector parts. The frame connectors were required
for connecting the joint surface parts to the aluminum generic
frames. The connectors are common for both sides of the
joint surfaces, which facilitates component repair. Further-
more, the open joint architecture decreased the components
compared to conventional axial-driven joints.

B. Elastic ligaments

The arrangement of the ligaments is shown in Fig. 2 B ).
The notation follows Table I. Note that “Length” means
the ligament length of the initial posture. Each ligament
functions as a displacement limiter for a range of motion.
Hence, the ligament length should be determined to de-
termine the joint range of motion. For designing ligament
parameters, it is useful to take analytical methods and data-
driven approaches utilizing a dynamics simulator.

TABLE I
NOTATION OF THE LIGAMENTS

Number Terminology Length [mm]
#0 Anterior Cruciate Ligament 55
#1 Posterior Cruciate Ligament 55
#2 Lateral Collateral Ligament 61
#3 Medial Collateral Ligament 61

C. Importing to simulation

For simulating bio-inspired open joints, collision manage-
ment should be taken into account. The simulator should
deal with the collisions on the convex and concave joint
models. For instance, the concave morphology of the socket
part will be hidden by the single convex hull with planar
surfaces. Therefore, convex decomposition for the joint head
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Fig. 3. Result of convex decomposition.
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Fig. 4. Result of evaluation.

parts and the socket parts is indispensable. Figure 3 illustrates
the result of convex decomposition. We used a third-party
software library [10] that supports CoACD algorithm [11].

IV. PRELIMINARY EVALUATIONS

We qualitatively evaluated the range of motion of the bio-
inspired open joint prototype with ligamentous constraints.
Fig. 4 exhibits the evaluation. For pitch motion, the joint
reached 100 [◦]. The value was less than the human knee
joint’s active flexion of 120 [◦] and passive flexion of
150 [◦] [7]. The joint surface design should be improved to
increase the range of motion. About yaw-axis motion, both
internal and external rotations achieved 30 [◦] which is akin
to the human knee joint’s capability. On the other hand, the
rotation movement generated unexpected motion around the
pitch and roll axes. Motion decoupling by rearrangement of
ligaments is of future works.

V. CONCLUSIONS

This research tackled the development of bio-inspired
open joints with spherical surface contact and ligamentous
constraints. We validated the approach through preliminary
experiments. The preliminary study qualitatively showed that
the joint modules cover vast areas by manual operation. The
future works include the actuation of the joint assembly and
integration to the real robot.
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