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Design of a Fully Pulley-Guided Wire-Driven Prismatic Tensegrity
Robot: Friction Impact to Robot Payload Capacity

Azamat Yeshmukhametov and Koichi Koganezawa

Abstract—The tensegrity structure was initially created as a
static structure, but it has gained significant attention among
robotics researchers due to its benefits, including high payload
capability, shock resistance, and resiliency. However, implement-
ing tensegrity structures in robotics presents new technical
challenges, primarily related to their wire-driven structure,
such as wire-routing and wire-friction problems. Therefore,
this research letter proposes a technical solution for the afore-
mentioned problems. The main contribution of this research
is the design of frictionless pulley-guided nodes. To validate
the proposed concept, we conducted comparative experiments
between a common tensegrity prototype and a pulley-guided
prototype, evaluating wire tension distribution and payload
capacity.

1. INTRODUCTION

Tensegrity is composed of rigid compressed elements
(bars) and flexible elastic elements (wire/cables), where rigid
components of the tensegrity structure are connected indi-
rectly via cables [1]. Such a compliant joint and lightweight
design of tensegrity structure provide the following advan-
tages over conventional robots; shock resistance, high pay-
load capacity ratio, flexible structure, and capability of work-
ing in severe environments. The first term of “tensegrity” was
coined by the American architect Buckminster Fuller in 1962
[2]. The tensegrity structure could be in different shapes; ball
shape [3], [4], X-type (cross type) [5], bio-inspired [6] and
prismatic shapes [7].

The remarkable structural capabilities of tensegrity robots
have led to their widespread application in various fields
of industry and research. One notable example is the use
of icosahedra-shaped tensegrity structures, also known as
ball-form tensegrity robots. These structures exhibit excellent
absorption and resistance against external impacts, making
them particularly attractive for space exploration missions
[8]. Additionally, bio-inspired tensegrity robots have found
utility in rescue operations, inspection tasks, and underwater
[9]. The versatility and unique characteristics of tensegrity
robots make them promising candidates for a wide range of
applications in diverse industries and research fields.
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First tensegrity structures have served to inspire art, such
as the biological structure of the human skeleton and muscles.
By the principle of work, tensegrity structure imitates human
anatomy structure where bones and muscles in biological
composition provide great dexterity, maneuverability, and
rigidity [10]. many researchers found tensegrity structure a
curious topic for research and proposed many solutions in
terms of mathematics, engineering, and architecture. Like-
wise, interest made tensegrity structure object for multidisci-
plinary research and collaboration [11]. Tensegrity structure
found its first application in architecture, American Architect
Fuller realized a sphere-shaped structure called Aspension
Dome [12].

Moreover, after stationary application of tensegrity struc-
ture, researchers employed motors to manipulate tensegrity
structures as a robot or kinetic sculptures [13]. Lightweight
design and flexible structure presented the promising po-
tential application of tensegrity structures in the industry.
Motorizing of tensegrity structure imposed the first challenge
related to form-finding [14]. The calculation of the initial
equilibrium form of the tensegrity structure is known as
“form-finding”. The form-finding of the tensegrity robot is
nontrivial because the form of the tensegrity should be sym-
metric in terms of wire tensions and robot posture. Finding
the initial form of the robot after the moving is also an
important task. Scholars and researchers proposed different
approaches in this regard, such as genetic algorithms by
[15], and new genetic algorithms with remarkably underlying
graphs [16]. Furthermore, researchers proposed various meth-
ods of form-finding features for tensegrity structures, such as
parametric approach [17], algebraic approach [18], algebraic
model [19], minimal mass method [20], and complementary
framework method [21].

Researchers have made significant contributions to the
dynamic formulation of tensegrity structures in top aca-
demic journals. Tensegrity structure dynamics present distinct
challenges compared to traditional mechanisms due to their
flexible nature and hyper-redundancy. The dynamic formula-
tion of a tensegrity robot takes into account various factors,
including material properties such as elasticity and Young’s
modulus of its components [22]. An alternative dynamic
formulation, proposed by Sultan, employs second-order or-
dinary differential equations, offering a simplified approach
compared to partial differential equations [23]. However, the
most widely recognized and influential dynamic formulation
for tensegrity structures was introduced by Skelton et al. [24].
Skelton’s formulation is based on nodes, bars, and string con-
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nectivity matrices, providing a versatile framework applicable
to different types of tensegrity structures. These dynamic
formulations have significantly advanced our understanding
of the intricate dynamics involved in tensegrity structures,
paving the way for further exploration and the development
of their capabilities. The publication of these findings in top
academic journals has contributed to the dissemination of
knowledge and the advancement of the field.

Driving tensegrity robot wires is also one of the most
challenging issues because the tensegrity robot structure is
unlike traditional manipulators where plenty of space for
placing motors and sensors. Meanwhile in tensegrity structure
only bars (struts) and wires. Therefore, the wire routing
system would be complex and difficult to actuate, due to the
friction effect between wire and robot rigid parts [25]. Wire-
driven actuation presents notable challenges due to friction
between wires and robot rigid parts. To address this issue,
engineers and scholars have devised innovative solutions such
as incorporating pulley idlers with grooves [26]. The use of
pulley idlers helps in reducing friction, leading to smoother
transmission mechanisms. Another critical aspect of wire-
driven mechanisms is the proper routing and alignment of
the wires. Precise wire alignment is vital to ensure efficient
operation [27]. If there is a misalignment of the wire, it can
result in the wire derailing from the pulley groove, leading
to excessive torque consumption [28]. Hence, meticulous
attention is required during the design and implementation
phases to prevent such issues and optimize wire alignment
for reliable actuation performance. By combining innovative
solutions like pulley idlers with grooves and meticulous wire
alignment, we can significantly enhance the effectiveness and
efficiency of wire-driven actuation systems. These advance-
ments hold promising potential for creating more robust and
reliable robotic mechanisms that can overcome the challenges
associated with friction and misalignment. Consequently,
friction affects negatively the robot’s accuracy, rigidity, and
payload capacity [29]-[34].

This research paper introduces a novel design of pulley-
guided nodes for tensegrity robots, along with wire routing
schematics. The main focus is to address the challenges
associated with wire-driven structures in tensegrity robotics.
To validate the effectiveness of the proposed design, a series
of experiments were conducted to assess the robot’s payload
capacity and wire tension distribution. These experiments
serve as empirical evidence to support the proposed concept
and highlight its potential benefits in practical applications.
By presenting this new pulley-guided node design and wire
routing schematics, this research paper contributes to ad-
vancing the field of tensegrity robotics and offers promising
solutions to the technical challenges faced in wire-driven
tensegrity structures.

One limitation of this research pertains to the mathematical
formulation, which is specifically applicable to prismatic
tensegrity structures. It is important to note that this for-
mulation assumes a fixed base and a mobile top plate

configuration.

A. Problem statement and related research

The wire-driven mechanism is one of the widespread
methods of power or motion transmission in the robotics
field. Motion transmission via cables allows the minimization
of the robot’s size and miniaturizes the robot’s actuation
system. However, wire-driven actuation and passive mecha-
nisms without sufficient wire-routing schematics would suffer
from derailing, wire slack, and friction between the wire
and robot rigid parts [35]. Thus, one of the main tensegrity
structure issues is the tension distribution of the driving wire.
For instance, figure 1 demonstrates two different prismatic
tensegrity robots with 4 layer structures, the left tensegrity
structure nodes are simple non-pulley guided, and the right
tensegrity nodes are built with pulley guided. As a result,
the pulley-guided tensegrity structure is more symmetric and
rigid. Likewise, the issue is more critical in the case driving
of active wires to manipulate the robot to perform a certain
task, in the case of 2 layer structure tension distribution is not
significant, but over the 3 or more layers tension distribution
would have a crucial impact on the whole robot structure
[36].

B. Previous research

In previous research work, we have presented a novel
kinematic and kinetic formulation for prismatic tensegrity
structures [37]. Our study aimed to explore the influence of
friction and wire tension distribution on the kinematics of
robot nodes. Through experimental validation, we uncovered
the significant impact of these factors. Additionally, we
examined the dynamics of a six-bar tensegrity structure,
providing further insights into the behavior of the robot [38].

Low tension

Tension level
Equal tension level

High tension

Fig. 1: 4 layered prismatic tensegrity structure with a) non-pulley guided
node and b) pulley guided node design.
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II. DESIGN CONCEPT
A. General design

In this research, we present the design of a triangle
prismatic tensegrity robot featuring pulley-guided wire-driven
actuation. Two distinct models of the robot are considered,
as illustrated in Fig. 1 (4 layers with 12 bars) and Fig. 2 (2
layers with 6 rods), respectively. These models exhibit key
differences, which we will explain in detail. The nodes in the
robot are categorized into three parts: base nodes, mid nodes,
and end nodes. Base nodes are designed with two degrees of
freedom (DOF) universal joint, while mid nodes incorporate
wire guiding pulleys. The pulleys are fabricated using 3D
printing techniques, except for the ball bearings component
within the idle pulleys. End nodes are designed with a spheri-
cal joint, providing three DOF. To enable actuation, the robot
employs three active wires, each controlled by an individual
motor. Additionally, three passive wires are equipped, which
are stretched by individual extension springs. The pretension
of these springs is adjustable. The structure also includes
a saddle wire, which serves to maintain static balance by
utilizing gravitational force. The combination of these design
elements and actuation mechanisms allows for the controlled
and coordinated movement of the tensegrity robot. The
unique features and capabilities of the proposed design make
it a promising platform for various applications, including
those requiring dexterity, adaptability, and robustness.

Robot general view

Actuating module

Spherical node

Fig. 2: Tensegrity robot general CAD design

B. Base part design

The robot base consists of three base nodes (ng1, ng2, and
no3, as shown in Figure 3), along with actuating modules.
These base nodes are designed specifically with a spherical
joint, which ensures proper self-alignment of the pulley
for effective wire guiding during motion. One of the key
challenges in wire-driven mechanisms is to prevent wire
derailing and slackening.

Wire derailing occurs when the wire goes out of the
pulley grooves, resulting in a cracking noise and potentially
damaging the driving units. To address this issue, we have

developed a spherical base node that inherits three degrees
of freedom from a spherical joint, as depicted in Figure 4.
This spherical node incorporates a self-alignment mechanism
for the wire routing angle, enabling the pulley to maintain a
right angle to the wire, thus preventing derailing.

For the driving motor, we have employed Dynamixel H54-
200-S500 motors equipped with embedded encoders and
torque sensors. These motors provide the necessary driving
force and enable precise control and feedback during robot
operation.

Guiding pulley

Rotating node .
«— Aluminum bar

Base platform

Spherical base

Fig. 3: Base node CAD design

In the previous prototype, we conducted tests using a
simple joint with only one degree of freedom instead of the
spherical joint. However, during these tests, we encountered
issues such as wire derailing and an increase in friction,
as depicted in Figure 4. These problems highlighted the
limitations of the simple joint design and emphasized the
need for a more advanced solution.

By transitioning to the spherical joint design in our current
prototype, we have successfully addressed these challenges.
The spherical joint not only prevents wire derailing but
also reduces friction, ensuring smooth and efficient wire
guiding. This improvement demonstrates the significance of
utilizing advanced joint mechanisms in wire-driven systems,
emphasizing the importance of our research findings.

C. Middle part design

The design of the middle part node, as illustrated in Figure
5, is a crucial aspect of our research. In order to achieve
rotational functionality, we have implemented a full pulley-
guided design for this node. Similar to the base part nodes,
the middle part node also incorporates a self-aligned feature.
The incorporation of a self-alignment feature has been made
feasible by securing the linear bearing to the interior of the
mid-node part, which then moves along the fixed linear guide
shaft attached to the coupler. In the past, ball bearings were
employed for similar purposes; however, they were unable
to withstand the tension forces generated during motion. By
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Spherical joint

Fig. 4: Fabricated base nodes with 3 DOF (new model) and 1 DOF (previous
model)

contrast, the linear bearing offers significant advantages due
to its larger contact area, allowing it to efficiently handle
tension forces while ensuring smoother motion along the
linear guide shaft. This improvement in the bearing system
promises to enhance the overall performance and reliability
of the mechanism.

The middle nodes, represented by 111, 712, 713, N1a> N1bs
and ni. in Figure 7, serve as joints through which both
passive and active wires are routed. To ensure smooth wire
movement, we have integrated ball bearings within all pul-
leys, as depicted in Figure 5. This inclusion of ball bearings
enhances the sliding performance of the wires, minimizing
friction and enabling efficient operation of the system. By
incorporating these design elements into the middle part
node, we have achieved a robust and reliable mechanism
that facilitates proper wire routing and smooth wire sliding.
The utilization of ball bearings in the pulleys significantly
contributes to the overall performance and functionality of
our system, as detailed in this research.

D. Upper node design

The upper plate of the tensegrity robot comprises a tri-
angular aluminum plate and spherical nodes. The spherical
nodes consist of two components: a spherical joint for wire
connection and spherical caps that cover the joint and connect
it to the aluminum end plate (Figure 6). These components
ensure stability and integrity within the robot’s structure.

III. WIRE TENSION ANALYSIS

Measuring wire tension on tensegrity structure is empirical
proof of the proposed concept. Tension distribution is one of
the critical features for tensegrity structure, uneven distri-
bution of tension in different layers might cause undesired
behavior, low rigidity in part, and inaccuracy in motion.

Tension distribution fully depends on wire routing
schematics, so the routing of wires should be designed so
as to make friction as small as possible. For this purpose,

+— Mid node part

«—— Linear bearing

= /Linear shaft

I

ra Coupler
Aluminum bar —-/"j

Fig. 5: Mid node CAD and fabricated design

Wire eyelet Spherical node

End-plate

Active wire =, \
Passive wire

Fig. 6: Tensegrity robot upper node design

Node caps

we measured tension distribution along the saddle wire by
equipping six tension sensors as shown in figure 7.

Tension sensors

1

Nia /’ L :
@ T :

1

Saddle wire T 1

1

1

E 1
. \
N 1

Fig. 7: Tension distribution experiment methodology

Flintec Y1 sensor (see figure 8 was used to measure the
tension value between the nodes on states of standby and
motion. This experiment proves the efficiency of pulley-
guided node design over non-pulley guided ones (figure 8.
Figure 9 shows sensor output on the saddle wire of a non-
pulley guided tensegrity robot. We observed uneven tension
distribution, especially during moving. Sharp angles between
wire and node hamper the wire slide along nodes which
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Fig. 8: Experimental setup on tension distribution
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Fig. 9: Non-pulley guided tensegrity structure wire tension value

Tension sensor 1
Tension sensor2
Tension sensor3
Tension sensor4.
Tension sensors
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Wire tension (N)
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Fig. 10: Pulley guided tensegrity structure wire tension value
yielded a fairly uneven distribution of wire tension. While
pulley pulley-guided node demonstrates much better tension

distribution of each segment of the wire on saddle wire
shows a similar value (figure 10). Figure 11 demonstrates

'« Aluminium bar ———— |

/\

Linear bearing

Pulley idlers

Sliding motion along the wire

Fig. 11: Node displacement schematics along the saddle wire

the wire displacement schematics of the saddle wire. The

pulley-guided nodes provide a constant distance between
nodes and smooth sliding motion along the saddle wire.
Likewise, the effect is clearly seen in figure 12, which
demonstrates the motion timeline of the tensegrity robot in
sinusoidal motion. To prove the concept, we used marker tape
to capture wire/node displacement along the saddle wire, and
based on the obtained result the pulley-guided node showed
a sliding motion up to 25mm, while the non-pulley-guided
node demonstrated no displacement.

Non-pulley guided

Pulley guided
N

Marker tape

Fig. 12: Node displacement timeline

IV. STATIC EQUILIBRIUM FORMULATION

The stiffness formulation of the robot is considered only
for the middle nodes of the robot, those nodes along the
saddle wire. Exactly middle nodes have a critical impact on
the robot during the motion and finding the form. Stiffness
formulation is based on torque vector. The torque vector in
the proposed prototype defines by the direction of gravita-
tional force (figure 13.

Passive
wires

Bar/Struts
Orthogonal
line
Nodes

Fig. 13: General structure notation of tensegrity robot
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A. Node Positions

As a preliminary step, we introduce the rotation matrices
for an angle # around the z, y, and z axes of a generic right-
handed reference frame as

1 0 0 cos(6) 0 sin(0)
e’=| 0 cos(d) —sin(0) el0= 0 1 0
0 sin(f) cos(9) —sin(@) 0 cos(d)
cos(d) sin(f) O
ekt — —sin(f) cos(f) 0] (1)
0 0 1

where i, j and k are the skew-symmetrix matrices com-
posed by elements of unit vectors 4,7 and k respectively.
Specifically, we will use two reference frames, both shown
in Fig. 13: the first, namely Oy — xgyozg, is a fixed frame
with origin at the center of the base plate while the second,
Op — TpYpzp is a moving frame attached to the top plate,
with its origin at the center of this plate.

We will now detail how each node position of our prismatic
tensegrity robot is obtained in the Oy — xgygzo frame. We
can write the nodes in the base plate as The position of the
nodes is calculated as,

nos = FCE N 0 07 (=1,2,3) ()

n1; = ng iy + €O TN (0 0 1) (3)

where p(i) = 20(i — 1) +35(i —2)+ (i —3),i = (1,2,3)

where 0; 1, d; 2, and 6; 3 with the Kronecker delta function
d(x). Boiz and B, are two rotation angles of the universal
joint at the ng; (i=1,2,3) node.

Three nodes of the top triangle plate are assumed to take
positions such that,

Nai = Nup + €Prz I OmFo@tP (0 )T (4)

(i = 1,2,3) and (rp1 = —%,rp2 = m,7p3 = %) where,
Nyp = (Upz  Upy u,.)7 is the position of the upper plate

origin Oy, and ¢y, Ppy, Pp- are tilting angle of the top-plate
with respect to the base frame.

0
nlp — n2<p>_el¢ptcej¢pyek¢pzeze2<p>w€]92<P>y O
ly
<p>>

(p=a,b,c),and (<a>=3,<b>=1,<c>=2) (5

where, 02« >, and o<, are two rotation angles of the
universal joint at the no<,~ (p = a,b, ¢) node.

Note: The notation (x) represents the average or expected
value of variable x. where, 02<,~, and 02,5, are two

rotation angles of the universal joint at the no<,~ (p = @, b, ¢)
node. Torque vector applied at nodes ng1, ng2 and ngs:

—— m
Tor=(n13—n01) X (842((n21 — n13)+ (no3—n13)) + 7Lg)
(6)

—_—— —— m
To2=(n11—n02) X (8q3((n2z—n11)+ (no1 — n11))+ 2Lg)
@)

—— — m
Tos = (n12—n03) X (Sa1((n22 —n12) +(no2—n12))+ Lg)
®)

—_——

where, (ngs —ni2) = Moy — nia/|n2e — nial, etc. my,

is the mass of the rod and g = (0,0, —9.80665)7. Tension
due to friction is assumed to load at every six nodes on the
saddle wire, which is assumed to be in parallel with the angle
between the rod and wire direction. Figure 14 Tensegrity
robot torque vector notation. Torque vector applied nodes at
n21,N22, N23:

To1=(n1p—n21) X (Sp1((nez—n1p) +(nos—n1p))+ %)
)

Too= (N1 —n22) X ($p3((n23—n14) +(no2—n1a))+ ng)
(10)

Tog = (n1c—n23) X (Sp2((ne1—n1c) + (o1 —nic))+ ng)
(11)

wire

Ss(ye —My3)

(n13—ng1)—>

Fig. 14: Tensegrity robot vector torque notation

V. PAYLOAD TEST

One notable advantage of tensegrity structures is their high
potential for payload capacity. The FANUC robots datasheet
[39] provides valuable information in this regard. The pay-
load ratio of traditional serial manipulators can be calculated
using the formula: ratio = payload capacity/robot mass.
Comparatively, the payload ratio of traditional manipula-
tors typically falls within the range of 0.15-0.25. In con-
trast, tensegrity structures exhibit significantly higher payload
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ratios, exceeding two times the traditional manipulators’
payload ratio. This remarkable characteristic of tensegrity
structures opens up new horizons of application for tensegrity
robots.

TABLE I: Comparison table of pulley guided (PGTR) and non-pulley guided
tensegrity robot (NGTR)

Parameter PGTR | NGTR

Weight 6.2 kg | 59 kg

Height 1.6m | 1.6 m

Bar length 1m 1m

Wire diameter 1 mm | 1 mm

Active wire tension 60 N 60 N
Passive wire tension 60 N 60 N

Max. payload capacity | 15 kg | 12 kg
Weight-payload ratio 241 2.03

This research project presents the results of the payload

experiment of two tensegrity prototypes; pulley-guided and
non-pulley-guided tensegrity. In the case of the idle way, the
robot moves easily without any buckling problems. However,
in case carrying some load, the motion trajectory will be
significantly different.

End-plate Marker

Fig. 15: Tensegrity robot experimental setup

In this experiment, we applied loads on the end plate of the
robot to test robot motion trajectory precision. For both proto-
types, we used the same trajectory and wire tension level and
measured the trajectory by motion capture system Optitrack
cameras (see fig 15). To follow the motion trajectory, the
infrared emitting marker was fixed in the center of the plate.
The experiment conducted four iterations with different levels
of the load; no load and next iterations 3,6 and 9 kilograms
respectively. The robot moves along linear reference first and
does sinusoidal motion twice, then return back to the initial
position.

The maximum payload capacity for non-pulley guided
tensegrity made up 12 kg, while the pulley guided structure
was able to manipulate up to 15 kg.

In this research experiment, the utilization of a pulley-
guided node design (refer to Figure 17) significantly en-
hanced repeatability across various load capacities and mo-
tion trajectories. Notably, the motion trajectory is closely

X ais (m)

¥ axs (m)

Fig. 16: Non-pulley guided tensegrity robot payload motion trajectory

X as (m)

Fi

=

g. 17: Pulley guided tensegrity robot payload motion trajectory

aligned even in scenarios involving no load manipulation.
Conversely, the non-pulley-guided node design (refer to Fig-
ure 16) experienced considerable challenges due to friction
induced by conventional nodes. As a result, the motion
trajectory exhibited diminished repeatability, especially when
subjected to varying load capacities.

Similarly, the capabilities of robots extend to encompass
pick and place operations within heavy industry and civil
engineering sectors. The robot’s hyper-redundant structure
and lightweight design make it adept at operating in both
confined and unstructured environments. Additionally, the
absence of motors and sensors in its mobile components
renders it ideal for deployment in the severe, dusty, and
hazardous workspace.

VI. CONCLUSION AND FUTURE PLAN

This research paper introduces a novel design concept for a
pulley-guided tensegrity robot. An experimental analysis was
conducted to assess the efficiency of the proposed design,
focusing on tension distribution and payload testing. The
results demonstrated that the prototype incorporating the
pulley-guided design and nodes exhibited reduced friction
effects and improved dexterity capabilities. The tension dis-
tribution experiment revealed the critical importance of shape
conservation and form-finding features in tensegrity struc-
tures. In the absence of any load, the motorized tensegrity
structure operated as expected; however, when subjected
to weight, the distribution of tension played a significant
role. To maintain the robot’s shape, the nodes needed to
slide along the saddle wire, a capability facilitated by the
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pulley-guided prototype. Conversely, the non-pulley-guided
prototype, affected by friction, was unable to provide smooth
sliding along the saddle wire.

As part of our future research plan, this study aims to
explore additional aspects of tensegrity robot features and
capabilities. Specifically, our next objective is to validate

the

payload capacity and stiffness of prismatic tensegrity

structures, particularly focusing on quadrangular shapes. The
introduction of the novel pulley-guided node design enables

the

utilization of tensegrity structures not only as static

frameworks but also for manipulation purposes. In light of
this, we are also planning to conduct research on tensegrity
robot manipulation and precision by leveraging the proposed
frictionless nodes. By investigating these aspects, we aim to
further enhance the understanding and potential applications
of tensegrity robots in various domains.
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