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Stacked Tensegrity Mechanism for Medical
Application

Dhruva Khanzode, Ranjan Jha, Emilie Duchalais and Damien Chablat

Abstract In this article a multi-segmented planar tensegrity mechanism was pre-

sented. This mechanism has a three-segment structure with each segment residing

on top of another. The size of the segments may decrease proportionally from base

to top, resulting in a tapered shape from base to tip like an elephant trunk. The sys-

tem was mechanically formulated as having linear springs and cables functioning as

actuators. The singularities, as well as the stability of the parallel mechanism, were

analyzed by using the principle of minimum energy. Optimization was also done to

obtain the greatest angular deflection for a segment according to a ratio between the

size of the base and the moving platform of the robotic system. The result of this

work is a family of mechanisms that can generate the same workspace for different

stability properties.

1 Introduction

Robotics is one of the most rapidly emerging branches in the world of technology.

From heavy-duty applications to the most sensitive microscopic application, robotic

systems are present everywhere. Therefore, with the rise of applications of robotic

systems, grew the demand for facilitating critical tasks and requirements of high dex-
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terity applications. To fulfill these demands, a separate branch of robotics emerged

coined as flexible robotic. A field in which manipulators and actuators of hyper re-

dundant mechanisms were developed. Hyper redundant systems are robotic systems

having a very high number of degree of freedom [1]. These flexible robotic systems

are very versatile in their applications. These flexible robotic systems are generally

employed at a place with convoluted workspace and restricted maneuverability [2].

Such kind of flexible robotic systems can be abundantly seen as probing and inspec-

tion drones, surgical robots, military UGVs, etc [3, 4]. The flexible robotic systems

also called snake/worm-like robotic systems can be divided into two groups, based

on their mechanical structure, discrete systems, and continuous systems. Discrete

systems have finite discrete rigid elements joint together [5] while the continuous

systems have soft or compliant materials used in the robotic system [6]. But in re-

cent times, the line between these two categories has been blurred as newer designs

being developed have both of the features. Another classification of hyper redundant

robotic systems can be made based on how the robot is used. It can be classified

either as a manipulator or a locomotor. If a robotic system is attached to a fixed base,

then it can be called a manipulator [7], but if the system can move freely, (such as a

work or a snake), then it is to be called a locomotor [8].

The flexible robotic systems are generally tendon actuated, pneumatically, or hy-

draulically actuated or are based on the shape memory feature of the material.

Tendon-based mechanisms are one of the most used mechanisms for flexible manip-

ulators. The manipulators are actuated by pushing or pulling a tendon to facilitate

bending or curvature [9]. These tendons-driven mechanisms are sometimes also

referred to as tensegrity mechanisms because of the design principle wherein com-

pression and expansion of lengths of opposite tendons takes place simultaneously

[10, 11]. A study was conducted to analyze and compare the kinematic properties

of discrete tendon-driven flexible robots, continuous tendon-driven flexible robots,

and concentric tube manipulators [12]. The results of this study indicated that in

the case of dexterity, the discrete system was the finest followed by continuous and

concentric tube type manipulators. From a scaling point of view, concentric tube

manipulators are better for miniaturization whereas discrete tendon-driven systems

were more suitable for scaling up [13].

This flexible robotic system has found some very interesting applications in the field

of medical sciences [14]. Even before the conceptualization of robotic surgeries,

endoscopes were used to investigate the insides of the human gastrointestinal tract,

and it was done manually [15, 16]. With the medical science turning into minimally

invasive surgeries (MIS), several surgical tools were required to be redesigned for

MIS such as clippers, scalpels, cauterizers, catheters, etc [17, 18]. One such es-

sential surgical tool is the surgical stapler [19], which is generally used to avoid

any spillage of intestine content onto the wounds of the patient and prevent any

infection during the surgery. Commonly five kinds of staplers are used, namely TA,

Thoracic-Abdominal; GIA, Gastro-Intestinal Anastomosis; Endo GIA, Endoscopic

Gastro-Intestinal Anastomosis; EEA, End-End Anastomosis and Skin Stapler. The

staplers are generally equipped with a separating knife to cut the tissues after the

stapling is done. Endo GIA staplers are most commonly used for MIS. The Endo
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GIA staplers are available in three forms: passive articulated wrist type (PAW) [20],

active articulated wrist type (AAW) [21], and radial reload type staplers (RR). The

RR has a fixed “U” shaped jaw which requires a huge incision into the abdomen for

insertion. Therefore there is a dire need for a surgical stapler that can enter through

the laparoscopic openings but can work as an RR-type stapler inside the body. Our

study aims to design a stapler for laparoscopic rectal cancer surgery where conven-

tional tools cannot be easily accessed. Two mechanisms will have to be positioned

on each side of the colon to insert two lines of staples and then carry out its cutting.

The article is organized as follows. In section 2, the kinematics of the studied

mechanism is presented. Section 3 reports the different computational results to

study the singularities associated with the mechanism, then in section 4, the study

of stability based on the principle of minimum energy, and finally, in section 5, an

optimization of the dimensions of the mechanism is presented.

2 Mechanism Design

In this article, the robotic system designed is a multi-segment planar robotic system.

As depicted in Fig. 1, the robotic system comprises of 3 trapezoidal segments A, B,

and C stacked one above the other. Each segment may have a larger base plate and a

smaller moving plate. Both the plates are connected by a central serial spine linkage,

comprising of 3 links. The system is only composed of 3 sections to facilitate the

position control of the end effector. Since the system is being controlled by only

2 tendons, hence it is under-actuated. Therefore, not more than 3 segments can be

controlled effectively.

For example, in section A, the central spinal linkages are �0�0, �0�0 and �0�0.

The link �0�0 and �0�0 are rigidly fixed and are perpendicular to their respective

plate �1�2 and �1�2. These central spinal links are connected by two revolute joints

with identical rotation angles. To achieve this coupling, the joints can have a sliding

surface, similar to a knee joint in humans, or can also have an X-shape tensegrity

module [10, 11], or a gear train to couple the movement of the two revolute joints.

The base plate and the moving plates are also attached with the help of two cables

d1 and d2, present on either side of the central spine and two springs of stiffness :1

and :2 between (�1 �1) and (�2 �2), respectively.

The contraction of the cables will stimulate angular displacement in the revolute

joints of the central spine and replication of this phenomenon in each of the three

segments will eventually facilitate the bending of the robotic structure. The length

of the cables is measured as d8 and the angular deviation of the revolute joints is

measured as U8 where

U1 = U2, U3 = U4, U5 = U6, (1)

because of the coupling inside each segment.
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Fig. 1 The tensegrity mechanism understudy with three segments stacked, named A, B, C for

U8 = 0 (home pose) in the left and U8 = 0.3 in the right

The fixed coordinate frame of the base is represented by Σ0 with the origin

at �0. The distances between the coordinates of each points are | |a1 − a0 | | = l1,

| |a2 − a0 | | = l1, | |b1 − a0 | | = h1, | |c0 −b0 | | = h2, | |d0 − c0 | | = h3, | |d1 −d0 | | = l2 and

| |d2 − d0 | | = l2. The vector co-ordinates for the base mounting points are given by

a1 = [−;1, 0] a2 = [;1, 0] (2)

The kinematic chain between the base and the platform of the first segment is defined

by the following points

b0 =

[

0

ℎ1

]

, c0 =

[

−ℎ2 sin(U1)
ℎ1 + ℎ2 cos(U1)

]

, d0 =

[

−ℎ2 sin(U1) − ℎ3 sin(2U1)
ℎ1 + ℎ2 cos(U1) + ℎ3 cos(2U1)

]

(3)

The moving co-ordinate frame of the first segment is represented by Σ1 with its

origin at �0. The spring mounting points are represented by �1 and �2.

d1 =

[

(−2ℎ3 cos(U1) − ℎ2) sin(U1) − 2;2
(

cos2 (U1)
)

+ ;2
2ℎ3

(

cos2 (U1)
)

+ (−2;2 sin(U1) + ℎ2) cos(U1) + ℎ1 − ℎ3

]

(4)

d2 =

[

(−2ℎ3 cos(U1) − ℎ2) sin(U1) + 2;2
(

cos2 (U1)
)

− ;2
2ℎ3

(

cos2 (U1)
)

+ (2;2 sin(U1) + ℎ2) cos(U1) + ℎ1 − ℎ3

]

(5)
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The inverse kinematic model for a segment is used to determine the length of the

springs and the cables between the base and the moving platform and the moving

platform. The equations are given by

| |a1 − d1 | | = d1, | |a2 − d2 | | = d2 (6)

These two equations can also be written as,

(

(−2ℎ3 cos(U1) − ℎ2) sin(U1) − 2;2

(

cos2 (U1)
)

+ ;2 + ;1

)2

+
(

2ℎ3

(

cos2 (U1)
)

+ (−2;2 sin(U1) + ℎ2) cos(U1) + ℎ1 − ℎ3

)2

= d2
1 (7)

(

(−2ℎ3 cos(U1) − ℎ2) sin(U1) + 2;2

(

cos2 (U1)
)

− ;2 − ;1

)2

+
(

2ℎ3

(

cos2 (U1)
)

+ (2;2 sin(U1) + ℎ2) cos(U1) + ℎ1 − ℎ3

)2

= d2
2 (8)

3 Singularity Analysis

For determining the singularities of the multi-segment planar mechanism, only sec-

tion A was taken into consideration. As all other sections are similarly constructed,

analysis of singularities in one section will lead to similar results in all other sections,

and sections B and C will also have similar singularities.

Two closed-loop mechanisms can be described by (�1, �0, �0, �0, �0, �1)

and (�2, �0, �0, �0, �0, �2). For the first closed-loop mechanism, the singular

configurations with U1 as Cartesian values and d1 as the input values are computed

by differentiating with respect to time the Eq. 7, as follow,

−8ℎ2
3 cos3 (U1) sin(U1) + 8ℎ2

3 cos(U1) sin(U1) − 8;22 cos3 (U1) sin(U1)
+8;22 cos(U1) sin(U1) − 4ℎ3 sin(U1) cos2 (U1) ℎ2 − 4ℎ3 sin3 (U1) ℎ2

−4ℎ3 cos2 (U1) ;1 + 4ℎ3 sin2 (U1) ;1 − 4;2 cos2 (U1) ℎ1 + 4;2 sin2 (U1) ℎ1

−8ℎ2
3 sin3 (U1) cos(U1) − 2ℎ2 cos(U1) ;2 − 2ℎ2 cos(U1) ;1 + 8;2 cos(U1) ;1 sin(U1)

−8;22 sin3 (U1) cos(U1) − 8ℎ3 cos(U1) ℎ1 sin(U1) − 2ℎ2 sin(U1) ℎ1

+2ℎ2 sin(U1) ℎ3 = 0 (9)

The singularities are the roots of a 4th-degree equation. When ;1 ≠ ;2, only a

numerical method allows us to calculate them. In our case, we use the “RootFinding:-

Isolate” function of Maple which computes all the roots after a substitution by the

half-angle of U1 to obtain an algebraic equation [22].

For the second closed-loop, the singularity locus is for opposite values of U1.

For each closed loop, there can be up to four singular positions. The absolute value
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of the smallest angle U8 is called UB8=6 and it represents the largest travel that the

mechanism can achieve. This value must be maximized.

As an example, for ℎ1 = 1, ℎ2 = 1, ℎ3 = 1, ;1 = 1, ;2 = 1, the singularity locus are

U1 = −c

4
, U1 =

3c

4
, U1 = arctan

(

1
4
+

√
7

4

− 1
4
+

√
7

4

)

, U1 = arctan

(

1
4
−

√
7

4

− 1
4
−

√
7

4

)

− c (10)

Only two singular configurations are close to the home pose as shown in Fig. 2. The

smallest absolute value of U1 defines the range of motion of the segment in both

directions.
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Fig. 2 Four singular configurations for ℎ1 = 1, ℎ2 = 1, ℎ3 = 1, ;1 = 1 and ;2 = 1

4 Stability Analysis

The stability of the robotic system is one of the major components in its performance

evaluation [23]. Generally, when a system is in equilibrium and is displaced by an

external force if the system comes back to its equilibrium state, it is called a stable

equilibrium. If the system does not return to equilibrium, it is considered an unstable

system and if the system does not affect itself, then the system is known as a neutral
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system [24]. A robotic system is always desired to be a stable system in its operational

capacity. If a robotic system becomes unstable at any point in its trajectory, then it

may cause substantial errors during its control [25]. For this multi-segment planar

robotic system, the stability is evaluated by using the principle of minimum internal

energy.

For section A, two springs are connected between �1�1 and �2�2 with a no-load

length equal to ;0. This length is chosen as 40% of the length in the home pose. This

value will be proportional to the size of the second and third segments if we want to

characterize the stability of the complete mechanism.

For segment A, the energy � for a given U inside the mechanism is

� =
1

2

(

:1 (d1 − ;0)2 + :2 (d2 − ;0)2
)

(11)

To compare two mechanisms, we introduce the total energy as �C =
∫ UB8=6

−UB8=6
� .

Depending on the sizes of the robot, several stability schemes can appear either

stable around U = 0 up to the singularities (Fig. 3(left)) or unstable in the position

for U = 0 (Fig. 3(right)).

E E

Fig. 3 Variation of the energy as a function of U1 for a stable home pose for ℎ1 = 0, ℎ2 = 1, ℎ3 = 0,

;1 = 1, ;2 = 1, : = 1 (left) and unstable home pose for ℎ1 = 1, ℎ2 = 1, ℎ3 = 1, ;1 = 1, ;2 =
1
2
, : = 1

5 Optimization of One Segment

The objective of our optimization is to find the design parameters that allow the

greatest angular deflection and then to study the stability of the solutions found. A
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ratio _ between the base and the platform is also studied to see if elephant trunk

structures, with sections of decreasing sizes, are relevant [26].

So, the objective function is defined as

5 (x) = UB8=6 → max (12)

where x is the set of the design parameters [ℎ1, ℎ2, ℎ3, ;1, _]. To simplify the opti-

mization, we set ℎ3 = ℎ1, ;2 = _;1 and we defined the following constraints:

0 < ;1 < 4.5 0 ≤ ℎ1 ≤ 1 0 ≤ ℎ2 ≤ 2 1/20 ≤ _ ≤ 1 (13)

The solution to this optimization problem can be achieved by several methods. As

the dimension of the problem is small, a discretization of the parameter space has

been performed to find the optimal solutions.

The results of the optimization show that the maximum value of U is c/2 and this

for any value of _ and for ;2 = 2, i.e. the maximum bound, and for ℎ1 = 0 for the

minimum bound. Figure 4 shows the evolution of ;1 and ;2 as a function of _.

E

λ=1/20

λ=1

Fig. 4 Variation of ;1 in black and ;2 in blue as a function of _ (left) and the stability analysis of

the optimal solutions as a function of _

For all solutions, the energy has its maximum value for UB8=6 and has a local

minimum for U = 0. If we observe the value of � (U = 0) and � (U = c/2), the

difference is always the same. The total energy decreases when _ tends to 1. This

means that the actuation forces will be smaller when _ = 1. Conversely, the smaller

_ is, the greater the external forces must be to move the mechanism from its home

position. Moreover, to have a regular stack of modules, module C is smaller than

module B which is smaller than module A if _ is different from 1.
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6 Conclusions and Future Work

To summarise, in this article a multi-segmented planar tensegrity mechanism was

designed consisting of a stack of three tensegrity mechanisms. The mechanism

was mechanically formulated as having linear springs and cables for actuation.

The singularities of the parallel mechanism were analyzed as well as the stability by

using the principle of minimum energy. Optimization was done to obtain the greatest

angular deflection according to a ratio between the size of the base and the platform.

We observe that the angle U can vary between −c/2 and c/2, that all optimal

solutions are stable up to the singularity, and that when _ = 1, the total energy in a

module is minimal.

Further research is in progress to control the three modules with only two cables

going from the base to the third segment and to know the stability of the mechanism

against external forces. We also need to estimate the radii of curvature required to

encompass the patients’ colon from CT scan studies and encapsulate the mechanism

with an elastomer with the clamps and knife to section the colon.
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