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Mechatronics are occasionally inspired by nature for joint designs in order to exploit the advantages of the biological ones in terms
of mobility and articulation. Within this context and based upon the human spine for structure and actuation, the authors will
present a novel hyperredundant mechanism, named ERMIS. The muscle-skeletal system of the human trunk will be described
and modelled, and the elements that are being replicated by the mechanical analog will be analysed. It will be shown that the
vertebrae-intervertebral disk arrangement can be emulated by a spherical-type configuration, the proposed Disk-Ball-Disk joint.
Furthermore, the muscle actuation system is being recreated by a system of wires and pulleys. The relevant kinematic models will
be developed, and both simulation and experimental data to evaluate its operation will be demonstrated.

1. Introduction

Humans have always looked to nature for inspiration. In
engineering and robotics research many mechanisms are
imitations or reapplications of biological systems. This appli-
cation in engineering design of natural processes and models
is known as biomimicry or biomimetics. These mechanisms
mimic the behaviour of biological organisms and offer many
advantages over traditional designs.

There are, of course, practical limits to biomimicry.When
looking to nature for instruction, one must remember that
biological designs are built with unique materials, operate in
distinct environments, and possess intricate cost functions to
optimise their objectives. And nature is not always perfect.
A better design is by necessity an evolutionary derivative
of an existing design, and it is only measured against other
designs that have already been built. Human invention is only
limited by our own vision and can be optimised relative to all
potential designs. Given these caveats, nature does remain an
admirable teacher [1, 2].

Within this general context, a large number of biologically
inspired concepts revolve around the issue of articulation

and mechanical mobility. Most, if not all, mechanical joints
used in engineering today are imitations or reapplications of
biological ones. The simplest example is the revolute joint
which is based on the structure of the joints of the upper
and lower extremities of most vertebrate animals. Similar
arguments can bemade for the spherical and prismatic joints.

A remarkable paradigm of biologically inspired joint and
articulation design example is the field of hyperredundant
continuum robots [3, 4]. Within this field of robotic research,
novel ideas for continuum curvature robots [5] are being
produced. The designs span from snake- and worm-based
systems [6] to elephant trunks [7, 8], cephalopod tentacles
[9], and animal tongues [10]. Similar systems are designed to
be used in health applications as driving devices for catheters,
canulas, and needles [11–13]. Also, many of these designs have
found their way to industrial products [14–16].

The current work presents a novel design, based on a
smart joint-actuation technique, for a continuous curvature
manipulator, ERMIS. In previous work of the authors [17]
a brief description of the characteristics of the mechanism
and control architecture was given. In the current work
detailed analysis of the similarities between the biomechanics
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of the human spine and the Disk-Ball-Disk (DBD) joint in
the ERMIS system will be given along with the respective
kinematic model. In Figure 1 the two systems are presented
side by side.

The structure of the paper is as follows. In Section 2.1 a
description of the structure and articulation of the human
spine is given. In Section 2.2 the structural elements of
the ERMIS mechanism are described, and the recreation
of specific biological elements is noted. In Section 2.3 the
kinematic models of both the human spine and ERMIS are
presented and compared. Finally, in Section 3 simulation
results of ERMIS work envelope and data from sample
movements of ERMIS are presented, and its overall operation
is evaluated.

2. Materials and Methods

2.1. The Human Spine. Human spine is a structure consisting
of 24 vertebrae divided into 5 sections, the cervical, the
thoracic, the lumbar, the sacral, and the coccygeal. This
structure provides robust support for the entire body along
with significant flexibility on flexion and extension. Twomain
groups of tissues can be identified in the human spine, the
hard and soft ones.

The main hard tissue component of the spinal column
is the vertebrae. It consists of an anterior block of bone,
the vertebral body, and a posterior bony ring, known as the
neural arch [18]. The first is the main part of the vertebrae,
and the latter provides protection for the spinal cord and also
support for some of the soft tissue components, Figure 2.

A variety of structures connecting vertebrae can be
classified as soft tissue including facet joints, ligaments,
intervertebral disks, and muscles [19]. The role of these soft
tissue structures is to provide flexibility to the vertebral
column while maintaining its integrity [18, 19]. These tissues
render the cervical spine compliant in that they allow for
movement between the vertebrae. However, they are also
responsible for limiting the range of many movements under
normal conditions [18]. As a result, the range ofmotion of the
spine varies from 5 to 45 degrees in the three rotation axes,
the flexion/extension, the bending sideways, and the rotation
around the human body axis.

The two soft tissues structures ERMIS is replicating are
the intervertebral disks and the muscles actuating the spine.
Intervertebral disk is a cartilaginous structure consisting of
three parts, the nucleus pulposus in the centre, a mainly
water based structure, the annulus fibrosus the outer part
of the intervertebral disk which surrounds and protects the
core, and the end plates which connect the disk with the
vertebrae. Its function is to provide shock absorption for the
trunk and also to act as the joint around which the vertebrae
are performing their relevant motion. Because of pathogenic
reasons the functionality of the intervertebral disks might be
affected and the centre of the virtual spherical joint changes
position [20].

Despite its incredible structure and functional abilities the
spine is an unstable formation. Only under the coordinated
forces generated by muscles the human trunk can maintain
a particular posture and produce a specific movement. There

are multiple muscle groups energizing the human spine and
are grouped either by their proximity to the vertebrae as deep,
intermediate, and superficial or by how many vertebrae they
connect. The group that connects multiple vertebrae is called
semispinalis spanning 4–6 vertebral joints, Figure 3.The latter
group is the one responsible for the movement of the spine
while the shorter ones are maintaining the spinal column’s
integrity.

2.2. ERMIS Mechanical Design. The ERMIS mechanism in
analogy to the human spine is a serial linkage of special
joints. Those joints are called Disk-Ball-Disk joints since
their structural components are disks and steel spheres. In a
manner similar to the human spine, each disk of these joints
is actuated and the synchronised motion of the disks gives a
uniform curvature to the manipulator. In the current section
the description of the two components, joint and actuation
system, will be given and the resemblance to the human spine
will be underlined.

2.2.1. Disk-Ball-Disk Joint. Disk-Ball-Disk (DBD) joint mim-
ics the combined structure of two subsequent vertebrae
along with the intermediate intervertebral disk (spinal disk)
structure.The role of the vertebrae is played by an aluminium
disk with a curved surface on the upper and lower ends of it.
The role of the spinal disk is assumed by a metallic steal ball
which is encapsulated in the disks so as to allow the disk to
flex, bend, and twist, without the fear of the ball falling out
of the joint. The encapsulation of the ball is done by a proper
opening on the top and bottom of the two curved surfaces of
the disk, as shown in Figure 4.

The illustrated DBD joint, being a type of spherical joint,
does possess a homogeneous, spherically shaped working
envelope. Because of the underlying disk geometry, the
hemispherical surface is reduced to a smaller but well-defined
spherical section. This spherical section can be described by
the angle𝑈which is themaximumangle the disks can revolve
with respect to the main axis through the centre of the steel
ball in Figure 4(b).

The angle 𝑈 can be calculated as a function (1) of the
dimensions of the of the DBD joint, Figure 4(c):

𝑈 = 𝑓 (𝑅, 𝐿, 𝐴,𝐷, 𝑟, 𝑑ℎ, 𝑃𝑒𝑟) , (1)

where 𝑅 is the curvature of the disk, 𝐿 is the thickness of the
disk,𝐴 is the finite width of flange,𝐷 is the effective diameter
of the disk, 𝑟 is the ball radius, 𝑑ℎ is the diameter of disk
foramen, and𝑃𝑒𝑟 is the contact surface between disk and ball.

2.2.2. Tendon-Driven Actuation. Actuation forces on the bio-
logical system are provided by the differentmuscles adjoint to
the spinal column as described in Section 2.1. The equivalent
in the mechanical arrangement is the use of tendons in the
form of steel wires. This approach is being implemented as
the wires can best emulate the properties of the muscles [21];
particularly, like the muscles, the wires can “pull” but cannot
“push” and desired motion can be achieved by sets of them.

Remotely actuating continuummanipulators is a method
that provides multiple benefits among which the size of the
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(a) ERMIS (b) Human Spine

Figure 1: Mechanical and biological systems. (a) ERMIS mechanism with 9 disks and (b) a similar human spine part with 9 vertebrae.

Spinal cord

Nerve root

Vertebra

Intervertebral disk

Figure 2: A link of the human spine. The relevant position of the
vertebrae and the intervertebral disk can be seen along with special
section of the vertebrae to allow the passage of the spinal cord.

manipulators body can remain small as in health applications
[12]. The use of tendons also increase overall strength, since
stronger and bulkier motors can be housed in the bigger base
[22]. Within the same context, articulation can be increased
with minimum increase of the overall manipulator body size
since more DOFs can be added in the less size-restricted base
[23].

Pulling forces are being applied to the wires using a pulley
system. Since every disk of the ERMISmechanism is actuated,
a multilayered pulley is being implemented, Figure 5(a). The
diameter of each level of the pulley is a function of the
distance between the disks and the position of the disk in the
DBD joints chain as follows:

𝑑𝑛 =
𝑛 ⋅ 𝑙

𝜋
, 𝑛 = 1 ⋅ ⋅ ⋅ 9, (2)

Figure 3: Muscles of the human spine. The semispinalis passing six
or more vertebrae is being highlighted.

where 𝑑𝑛 is the diameter of the pulley layer 𝑛 and 𝑙 is the
distance between two disks. 𝑛 in the case of the ERMIS
prototype, as seen in Figure 1, is nine disks per section.

2.3. Kinematic Models. For the proper development of the
kinematics of ERMIS an overview of the modelling of the
human spine is needed. In the current Section the state of
the art for modelling will be given and how the mechanical
design of ERMIS grasps and emulates the biological system
will be presented.

2.3.1. Modelling the Human Spine. In medical sciences the
most prominentmethod tomodel the spinal column is by the
fusion of 3D point cloud data from MRI and CAD designs.
These two sets of information are being integrated to create
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Figure 4: ERMIS joint, angle U, and the dimensions of the DBD joint that affect the range of motion.

(a) Multilayered pulley

dn

(b) Important dimensions

Figure 5: The multilayered pulley. (a) Picture with tendons attached and (b) design of it with the diameter of each layer given.

a precise model of the hard (vertebrae) parts of the human
spine [24]. Often, data from the physiological analysis of soft
tissue that informations is added to the generated model
to enhance its accuracy [25]. This type of information can

be further represented by the equivalent mechanical struc-
tures, specifically spring elements for ligaments and as Ahn
suggested as a spherical joint in place of the intervertebral
disk [20], Figure 6.
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Figure 6: Spherical joint in the human spine. The location of the
virtual spherical joint in a healthy sample.
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Figure 7: Actuation triangle. The openings through which the
tendons pass along with dimensions and the coordinate system of
the disk.

Given the detailed models and using finite element
analysis (FEA), the behaviour of the human spine is pre-
dicted. For most of the cases in the medical literature, the
simulation data is primarily focused on the impact from
exercising excess forces to the human spine.The investigation
of traumas inflicted on the human trunk helps designing the
best possible methods for recovery and repair in case of spine
accidents.

2.3.2. Impact of the Mechanical Design. The structure of
ERMIS mechanical components significantly impacts the
model describing the operation of the mechanism. The use
of 3 tendons for force transfer creates some prerequirements
in order for the manipulator to maintain stability. The move-
ment of each diskmust be symmetrical, and the tendonsmust
operate in a synchronised manner. Because of the symmetri-
cal nature of the movement, a system of agonists-antagonists
between the tendons must be implemented.The possible sets
of tendon movement, labeled according to Figure 7, can be
seen in Table 1. Also, the ratio of displacement of each set
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Figure 8: D-H coordinate systems of equivalent manipulator. The
10 coordinate systems for a 9 Disk-Ball-Disk joint section.

is given along with the respective axis of disk rotation. This
symmetrical motion of the tendons simplifies the kinematics
since for any given position and orientation of the end effector
only two variables are needed, one for the agonist (tendon or
set of tendons) and one for the antagonist (resp.).

None the less, 3 tendons are enough to achieve the desired
articulation for a single section of ERMIS. More foramina
exist in the disks to facilitate for tendons passing for next
sections. As with the case of human spine, the rotation of the
structure around its axis is limited but still facilitated by the
existing tendons. Depending on the application, for example,
spray painting [26], the rotation of the mechanismmight not
be necessary.

Furthermore, the thickness of of the disk as seen in
(1) if adequate enough allows the tendons to refrain a
straight position transforming ERMIS from a hyperredun-
dant manipulator to a discrete mechanism. This equivalence
simplifies kinematics analysis and allows the application of
D-H formulation.

The concept of a virtual discrete manipulator to simplify
calculations of end effector position and orientation has been
proposed in [27]. However, the downside of this approach is
that the virtualmanipulator does not capture the real shape of
the mechanism. Nevertheless, in ERMIS’ case the serpentine
structure of the mechanism and the actuation system, specif-
ically the multilayered pulley, facilitate this transformation.
The resulting discrete manipulator not only accurately maps
end effector but also correlates the intermediate points of the
joints to the overall body posture of ERMIS, Figure 8.

2.3.3. ERMIS Kinematics. As referred to in the previous
section, the independent variables for calculating the direct
kinematics of ERMIS end effector are two: the displacement
of tendons passing from openings A and C in Figure 7, 𝑚1
and 𝑚3, respectively, are being selected; the displacement of
the third tendon, 𝑚2 is coupled to 𝑚3. Based on these two
variables the final matrices for location and orientation of the
end effector can be calculated as a series of computations:

𝑚1, 𝑚3

RPY
→ 𝛽, 𝛾

Cartesian to
→

Spherical
𝜑, 𝜃

D-H
→ 𝑃𝑓, 𝑅𝑓.

(3)
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Table 1: Agonist antagonist sets of tendons.

Agonist(s) Antagonist(s) Ratio of displacement Axis of disk rotation
A C and B 1 :𝑌

𝑏𝑐
/𝑌
𝑎

𝑥

B A and C 1 :𝑌𝑏𝑐/𝑌𝑎 −𝑥𝑦𝑦

C A and B 1 :𝑌𝑏𝑐/𝑌𝑎 𝑥𝑦𝑦

A B 1 : 1 −𝑥𝑦

B C 1 : 1 𝑦

C A 1 : 1 𝑥𝑦
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Figure 9: ERMIS work envelope. Both (a) the full envelope and (b) the half envelope can be seen.The latter allows for observing the inherent
irregularities due to the actual joint limits.

Table 2: Equivalent rigid body manipulator D-H parameters.

𝑆𝑖 𝜃𝑖 𝑟𝑖 𝑑𝑖 𝛼𝑖

0 𝜃 0 0 0
1 0 0 0 −𝜋/2

2 𝜙 0 𝑙 0
3 𝜙 0 𝑙 0
...

...
...

...
...

10 𝜙 0 𝑙 0

The first two steps are simple geometric formulations
that, for reasons of brevity, are omitted in the current work.
The resulting parameters 𝜙 and 𝜃 used for the Denavit-
Hartenberg formulation, Table 2, can be seen in the following:

𝜑 = − arctan

× ((𝜎1 − sin(2 arccos(
𝑌𝑎𝑚3 + 𝑌𝑏𝑐𝑚1

2𝑌𝑎𝑋𝑏𝑐

))

2

× (𝜎1 − 1) )

−1/2

× ((
𝑚1
2

2𝑌𝑎
2
− 1)

−1

× (
(𝑌𝑎𝑚3 + 𝑌𝑏𝑐𝑚1)

2

2𝑌𝑎
2
𝑋𝑏𝑐
2

− 1))

−1

) ,

(4)

𝜃 = arctan( tan(2 arcsin( 𝑚1
2𝑌𝑎

)) (𝑌𝑎𝑚3 + 𝑌𝑏𝑐𝑚1)

× (
4𝑌𝑎
2
𝑋𝑏𝑐
2
(𝜎2 − 1)

(𝑌𝑎𝑚3 + 𝑌𝑏𝑐𝑚1)
2
− 1)

× (4𝑌𝑎𝑋𝑏𝑐√1 − 𝜎2)
−1

) ,

(5)

where 𝜎1 = sin (2 arcsin(𝑚1/2𝑌𝑎))
2 and 𝜎2 = (𝑌𝑎𝑚3 +

𝑌𝑏𝑐𝑚1)
2
/4𝑌𝑎
2
𝑋𝑏𝑐
2.

Based on those two equivalent rotating joints the trans-
formation matrix, of a single section with 9 DBD joints, can
be developed as in (7). The components 𝑆𝑆 and 𝑆𝐶 exist
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as a result of the serial linkage of the equivalent rigid-link
manipulator:

𝐴0 =
[
[
[

[

cos 𝜃 sin 𝜃 0 0

− sin 𝜃 cos 𝜃 0 0

0 0 1 0

0 0 0 1

]
]
]

]

,

𝐴1 =
[
[
[

[

1 0 0 0

0 0 1 0

0 −1 0 0

0 0 0 1

]
]
]

]

,

𝐴 𝑖 =
[
[
[

[

cos𝜙 sin𝜙 0 𝑙 cos𝜙
− sin𝜙 cos𝜙 0 𝑙 sin𝜙
0 0 1 0

0 0 0 1

]
]
]

]

,

(6)

where 𝑖 = 2 ⋅ ⋅ ⋅ 10.
Also

𝑇 =

10

∏

𝑗=0

𝐴𝑗 ⇒ 𝑇

= [
𝑅𝑓 𝑃𝑓

0 0 0 1
]

=
[
[
[

[

cos 𝜃 cos 9𝜙 cos 𝜃 sin 9𝜙 − sin 𝜃 𝑙𝑆𝑆 cos 𝜃
sin 𝜃 cos 9𝜙 sin 𝜃 sin 9𝜙 cos 𝜃 𝑙𝑆𝑆 sin 𝜃

sin 9𝜙 − cos 9𝜙 0 𝑙𝑆𝐶

0 0 0 1

]
]
]

]

,

(7)

where

𝑆𝑆 =

9

∑

𝑖=1

sin 𝑖𝜑 =
sin (9𝜑/2) sin 5𝜑

sin (𝜑/2)
,

𝑆𝐶 =

9

∑

𝑖=1

cos 𝑖𝜑 =
sin (9𝜑/2) cos 5𝜑

sin (𝜑/2)
.

(8)

Similarly the inverse kinematics can be computed by
inverting (3). The resulting equations for the tendons dis-
placements can be seen in the following:

𝑚1 = 2𝑌𝑎 sin(
𝛾

2
) , (9a)

𝑚2 = −2(𝑋𝑏𝑐 sin(
𝛽

2
) + 𝑌𝑏𝑐 sin(

𝛾

2
)) , (9b)

𝑚3 = 2(𝑋𝑏𝑐 sin(
𝛽

2
) − 𝑌𝑏𝑐 sin(

𝛾

2
)) . (9c)

The coupling of displacements 𝑚2 and 𝑚3 is evident in
(9b) and (9c). The coupling factor is the change in the sign of
element𝑋𝑏𝑐 sin(𝛽/2).

In a similar manner to the serial calculation of the
position kinematics, the velocity kinematics of ERMIS can be
computed. The flow of intermediate states can be seen in the
following:

�̇�1, �̇�3

𝐽RPY
→ ̇𝛽, ̇𝛾

𝐽𝐶2𝑆
→ �̇�, ̇𝜃

𝐽D-H
→ �̇�, �̇�. (10)

The matrices 𝐽RPY, 𝐽𝐶2𝑆, and 𝐽D-H are given in (11), and �̇�
and �̇� are the velocity vectors for linear and angular motions
respectively:

𝐽RPY =
[
[
[
[

[

𝑌𝑏𝑐

𝑌𝑎 ⋅ 𝜁1

1

𝜁1

1

𝑌𝑎√1 − (𝑚1
2/4 ⋅ 𝑌2

𝑎
)

0

]
]
]
]

]

,

𝐽𝐶2𝑆 =

[
[
[
[

[

cos 𝛾 sin𝛽
𝜁2

sin (𝛽 + 𝛾) − sin (𝛽 − 𝛾)
2 ⋅ 𝜁2

2 cos𝛽 tan 𝛾
𝜁3

−

2 sin𝛽 (tan2𝛾 + 1)
𝜁3

]
]
]
]

]

,

𝐽D-H =

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

[

𝑙𝑆𝐶 sin 𝜃

𝑘=2⋅⋅⋅10
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

𝑙 cos 𝜃(𝑆𝑆 −
𝑘−2

∑

𝑖=0

𝑖 sin𝜑) 0

𝑙𝑆𝑆 cos 𝜃 −𝑙 sin 𝜃(𝑆𝐶 −
𝑘−2

∑

𝑖=0

𝑖 cos𝜑) 0

0 −𝑙(𝑆𝐶 −

𝑘−2

∑

𝑖=0

𝑖 cos𝜑) 0

0 sin 𝜃 sin 𝜃
0 cos 𝜃 cos 𝜃
1 0 0

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]

]

,

(11)

where 𝜁1 = 𝑋𝑏𝑐 ⋅ √1 − (𝑌𝑏𝑐 ⋅ 𝑚1 + 𝑌𝑎 ⋅ 𝑚3)
2
/4 ⋅ 𝑋

2

𝑏𝑐
⋅ 𝑌2
𝑎
, 𝜁2 =

√cos2𝛾 sin2𝛽 + sin2𝛾, 𝜁3 = 2 tan
2
𝛾 − cos(2𝛽) + 1, and 𝑆𝑆 and

𝑆𝐶 are from (8).

3. Results and Discussion

3.1. ERMIS Work Envelope. The equations for direct position
kinematics have been tested under MATLAB to evaluate
the work envelope of ERMIS. The resulting plot of all
end effector points is given in Figure 9(a). This depiction
was created by evaluating relationship (3). Angle 𝑈, the
physical limitation of movement, was selected to be 20o,
the actual manufactured value for ERMIS. Also, from the
dimensions of the mechanism, 𝑌𝑎 = 25mm, 𝑌𝑏𝑐 =

12.5mm, and 𝑋𝑏𝑐 = 21.65mm. Given that ERMIS has
9 DBD joints, the parameters settings for 𝑚1 and 𝑚3 are
[−100mm, 100mm] and [−200mm, 200mm], respectively.

Figure 9(b) presents the internal structure of the work
envelope. Special attention must be given to the irregular
shapes at the end of the point plot.These structures are due to
limiting cases in (7) specifically when the conditions in (12)
are met:

lim
𝑚1→𝑢𝑚1

,𝑚3→𝑢𝑚3

𝜙, 𝜃 or lim
𝑚1→𝑙𝑚1

,𝑚3→𝑙𝑚3

𝜙, 𝜃, (12)

where𝑚1 ∈ [𝑙𝑚1 , 𝑢𝑚1] and𝑚3 ∈ [𝑙𝑚3 , 𝑢𝑚3].

3.2. Range of Motion. The range of motion of ERMIS manip-
ulator has been evaluated with a set of sample movements.
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Figure 10: ERMIS prototype movement. The end-effector at 0∘ (home position), 45∘, 90∘, and 120∘ (maximum bend) from the vertical.

Frames taken from these motions can be seen in Figure 10.
In those pictures the mechanism is moving from the home
position (0∘) to three consecutive points where the coordinate
system of the end effector is being rotated around the base’s
system by 45∘, 90∘, and 120∘.

4. Conclusions

With the current work, a novel mechanism based in the
human spine, ERMIS, has been presented.The key features of
the biological system have been analysed, and the equivalent
mechanical interpretations have been described.

Furthermore, based on the medical literature the mod-
elling of human trunk has been given and the assumption of
the intervertebral disk as a spherical joint is being presented.
Based on this hypothesis, the operation of the DBD joint has
been evaluated and a kinematically accurate model of ERMIS
is being developed.

The experimental data from both the simulation of
ERMIS motion and the movie life frames collected from
actual motion of the mechanism shows that the motion of
ERMIS follows the model developed.

Future work involves a detailed analysis of the singularity
points in the work envelope of ERMIS and the development
of a motion controller to allow implementation of ERMIS in
real-life applications.
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