
Shoani, M. T., Ribuan, M. N., and Faudzi, A. A. M.

Paper:

Design, Fabrication, and Performance Analysis of
a Vertically Suspended Soft Manipulator

Mohamed Tahir Shoani∗, Mohamed Najib Ribuan∗,†, and Ahmad Athif Mohd Faudzi∗∗,∗∗∗

∗Faculty of Electrical and Electronic Engineering, Universiti Tun Hussein Onn Malaysia (UTHM)
Parit Raja, Batu Pahat, Johor 86400, Malaysia

†Corresponding author, E-mail: mnajib@uthm.edu.my
∗∗School of Electrical Engineering, Faculty of Engineering, Universiti Teknologi Malaysia (UTM), Skudai, Malaysia
∗∗∗Center for Artificial Intelligence and Robotics, Universiti Teknologi Malaysia (UTM), Kuala Lumpur, Malaysia

[Received October 9, 2020; accepted December 21, 2020]

Soft continuum manipulators are comprised of flexi-
ble materials in a serpentine shape. Such manipula-
tors can be controlled mechanically through tendons
or pneumatic muscles. Continuum manipulators uti-
lizing tendons are traditionally formed in a thick cross
section, which presents limitations in achieving a high
bending range as well as difficulties for storage and
transportation. This study introduces a continuum
manipulator comprised of two thin plastic bands and
driven by a tendon to provide a bending action. The
manipulator’s thin body form enables it to be rolled
up for storage and transportation. Experimental re-
sults on different section lengths show the possibility
of achieving a horizontal displacement of up to 34%
of the bending-segment’s length, and a full closed-loop
curvature for most segments. However, the results also
indicated an elongation of the tip paths owing to grav-
ity. These results, in addition to the manipulator’s flex-
ibility and light weight features, confirm its suitabil-
ity for applications in space and underwater environ-
ments.

Keywords: soft robotics, tendon-driven, continuum
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1. Introduction

Soft robots are comprised of soft or flexible materi-
als [1]. Compared to rigid robots, soft robots provide
safe human interaction, high dexterity, and the ability to
handle irregular objects [2–4]. Soft continuum manipula-
tors [5–7] feature a continuous curvilinear body allowing
them to adjust to unstructured environments and locations
of continuous curvature, such as in search and rescue [8]
or medical operations [9, 10].

Continuum manipulators can be driven using flu-
idic [11–14], shape memory alloy (SMA) [15, 16], me-
chanical [17, 18], or tendons actuators [19–21]. While
fluidic actuators are soft and relatively safer for direct hu-
man interaction, they require a compressor and hoses to
provide the pressurized fluid, making the system bulky

and reducing its range of applications. SMA provides a
high force and can be used in miniature sizes; however,
it requires relatively high temperatures to enable its state
transition and the extent of actuation (extension or retrac-
tion) is more difficult to control. Mechanical actuation
utilizing concentric pre-curved tubes enables manipula-
tors with very small diameters to be used to penetrate the
human body in minimally invasive surgery and other in-
dustrial applications; however, their workspace is aimed
at their distal end rather than the entire length of the ma-
nipulator’s arm. Although tendon actuation works in one
way (retraction) and requires a second tendon or other
means to counter its operation, it provides accuracy, mo-
bility, large workspace coverage, and the potential to work
in most environments. These attributes make tendons an
attractive option for soft manipulators.

Continuum manipulators are commonly formed with a
circular cross-section [22–25] as it provided the ability to
uniformly operate in a three-dimensional space. However,
employing different body forms can introduce new abili-
ties and applications. The thin body form demonstrates
higher bendability, a smaller storage reel radius, and a
better ability to resist a lateral bending force normal to
the body’s wider dimension. A body form of this type
was presented in [26], where it was operated horizontally,
thus limiting the effect of gravity. However, the manip-
ulator used McKibben actuators, which require the avail-
ability of a compressor, thus making it less suitable for
mobile or space applications. In [27], a manipulator was
controlled with tendons and utilized a backbone of six flat
springs. The springs enabled the manipulator to bend in
one direction while possessing high passive stiffness in
the orthogonal direction. However, owing to its overall
circular cross-section, the manipulator could only reach a
maximum bending angle of 143◦.

This paper introduces a tendon-driven, vertically sus-
pended continuum manipulator with a wide body and thin
cross-section. This configuration enables the manipulator
to reach a 360◦ bending, thus possessing greater flexibil-
ity for inspection and object retrieval tasks in space. This
can be accomplished using a camera for inspection and a
hook or gripper to grasp the item of interest. The item can
then be retrieved when the tendon is retracted, causing the
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manipulator tip, hence the gripper, to be pulled back to the
manipulator’s base. In contrast to rigid manipulators, the
soft body of the manipulator makes it less vulnerable to
collisions by space junk or other objects in the environ-
ment. Another possible application is in agriculture for
grain manipulation in storage bins. In contrast to rigid
solutions, the soft manipulator would be safe to nearby
personnel who can work in proximity without fear of in-
jury in case of collision with the manipulator. This study
attempts to establish a relationship between the retracted
tendon length and the planar displacement of the manip-
ulator’s tip, and then to validate the relationship through
practical experimentation.

The remainder of this paper is organized as follows.
Section 2 presents the mathematical modeling based on
the predicted response of the manipulator. Section 3 fo-
cuses on the design, fabrication, and operation of the ma-
nipulator and provides an overview of its configuration.
Section 4 provides an overview of the experimental setup,
procedure, and results. Section 5 discusses the outcome
of the experiments and presents an analysis of the differ-
ences between the predicted and measured readings. Fi-
nally, Section 6 provides conclusive remarks on the work
and prospects for future research in this field.

2. Manipulator Model

The continuum manipulator is held in a vertically sus-
pended position with its base fixed at the top, and its tip
free at the lower end. This arrangement is more suit-
able for soft continuum manipulators because the force
of gravity causes them to collapse if aligned in any other
configuration.

For each side, a tendon was attached to the manipula-
tor’s tip at the lower end, and it entered the manipulator’s
body through a hole (inlet) at a specific distance from the
tip. The point of entry is considered a tendon attachment
point as retraction of the tendon through it causes the ma-
nipulator tip to bend toward that specific entry point.

The manipulator body contains five inlets, and the ten-
don can be routed through any one of them. The radius
of the manipulator’s workspace is directly proportional to
the bending segment’s length, which is determined by the
distance of the inlet from the arm’s tip (lower). To cal-
culate the manipulator’s tip displacement for any inlet,
a model was used, as shown in Fig. 1. In this model,
L denotes the manipulator’s length, a denotes the length
of the tendon from the inlet to the tip of the manipula-
tor, b denotes the tip’s horizontal displacement, c denotes
the height of the triangle abc, which is also the difference
between the non-retracted tendon length L2 and the tip’s
vertical displacement d.

Initially, at the rest position, the tendon length from the
lower tip to the inlet is equal to L2; thus,

L2 = d + c. . . . . . . . . . . . . . . (1)

When the tendon is retracted, it generates an an-
gle θ between itself and the vertical line representing the

Fig. 1. Illustration of the manipulator in bending posture.

manipulator at rest. Thus,

a = L2 cosθ , . . . . . . . . . . . . . (2)
b = a sinθ , . . . . . . . . . . . . . . (3)
c = acosθ . . . . . . . . . . . . . . . (4)

Using Eq. (1) and substituting for c, d is obtained as fol-
lows.

d = L2 −acosθ . . . . . . . . . . . . . (5)

In Eq. (3), b represents the displacement in the
X-direction, and in Eq. (5), d represents the displacement
in the Y -direction. Using Eqs. (3) and (5), two graphs
can be drawn to show the expected horizontal (x-axis) and
vertical (y-axis) displacements of the manipulator tip with
respect to the tendon’s length, passing through the five in-
lets. The two graphs are depicted in Figs. 2(a) and (b).

3. Manipulator Design, Fabrication, and
Operation

3.1. Manipulator Design
The manipulator’s design comprised two thin flexible

bands that were joined with small bolts through holes in
the soft arm’s body at the base (upper) and tip (lower).
The use of two bands in a back-to-back configuration off-
sets the effect of the precurvature caused by the curling
of the bands as a roll during storage. The tendons started
from the manipulator’s tip, ran externally, and then en-
tered the body at one of several points. After entering the
body, each of the two tendons continued internally up-
wards and exited through a separate hole in the base joint.
Each tendon continued over a routing pulley towards the
corresponding stepper motor. Finally, the tendon was at-
tached to the pulley on the motor’s shaft, which could ro-
tate to extend or retract the tendon. The part of the manip-
ulator’s soft arm between its tip and the tendon’s inlet is
referred to as an arm-section. As mentioned earlier in Sec-
tion 2, the entry points (inlets) in the manipulator body act
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(a)

(b)

Fig. 2. Expected (a) horizontal and (b) vertical displace-
ments of the manipulator’s tip with respect to tendon retrac-
tion, for the five inlets.

as tendon attachment points, causing the pulled tendon to
induce a curvature in the manipulator body as illustrated
in Figs. 3(a) and (b), which demonstrates the bending ac-
tion owing to tendon retraction through the fourth inlet.
Additionally, the manipulator’s thin body facilitated curl-
ing it into a small compact form for transportation or stor-
age purposes, as illustrated in Fig. 4.

3.2. Manipulator Fabrication
The fabrication of the manipulator started by prepar-

ing the long arm from a large polycarbonate sheet of
0.4-mm thickness. Two bands were cut from the sheet,
each with a length of 110 cm and a width of 10 cm. The
two bands would later be suspended next to each other
to neutralize the effect of material-memory (residual) cur-
vature, which is typical of sheets stored in a rolled form.
Subsequently, several holes were made into the two poly-
carbonate bands. The holes had a diameter of 5 mm and
were placed 20 cm apart, with the first one being 20 cm

(a) (b)

Fig. 3. (a) Manipulator configuration and (b) manipulator
in bending posture.

Fig. 4. The manipulator’s arm in a rolled-up configuration.

from the front end of the band. Fig. 5 depicts a band with
holes in the body.

Next, the tip of the manipulator was designed with one
hook on either side to facilitate the tendon’s attachment
and detachment when a different inlet is to be selected.
In addition, two openings, one in the front and another at
the back, were made to accommodate an LED and a laser
emitter, respectively. The LED faced forward to increase
visibility, whereas the laser emitter would shine a red dot
on the background, signifying the location of the tip, thus
facilitating displacement measurements. Fig. 6 illustrates
the arm tip of the manipulator during the operation.

Finally, the top-side joint of the manipulator arm was
fabricated. This consisted of four L-shaped brackets and a
separator. The separator contained both vertical and hor-
izontal holes. The vertical holes allowed the tendons to
pass through from the arm towards the routing pulleys,
whereas the horizontal holes were used to secure the ma-
nipulator arm to the holding brackets using screws. Fig. 7
depicts the top-side assembly of the manipulator.

This arrangement was fixed to a wooden base at the
top, which was bolted to the aluminum frame. The mi-
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Fig. 5. Preparation of a manipulator arm band.

Fig. 6. The arm’s tip with an LED in front and a laser dot
from the laser emitter at the back.

crocontrollers, stepper motors, and driving boards were
placed on a wooden base. The microcontrollers and driv-
ing boards were placed on top to facilitate connectivity
and visual checking, whereas the stepper motors and con-
veying pulleys were placed on the underside to simplify
tendon routing and control.

3.3. Manipulator Operation
The control of the manipulator was initiated at the PC,

where the direction of rotation and number of revolute de-
grees were issued to the microcontroller. The received

Fig. 7. The manipulator: base assembly.

Fig. 8. Flow of control and information during the manipu-
lator’s operation.

data were converted by the microcontroller to a direction-
of-rotation and number of motor-steps, and then passed
to the stepper motors, as illustrated in Fig. 8. Finally, the
stepper motors turned to pull or release the tendon, caus-
ing the manipulator arm to bend or straighten, as shown
in Figs. 3(b) and (a). The motor’s release of the ten-
don causes the manipulator’s arm to return to its default
(straight) position owing to gravity and the manipulator
body’s elasticity. In the absence of gravity, the force of
the body’s elasticity might be insufficient to straighten
the manipulator’s arm in the presence of a relatively large
force, such as friction, or a load that exceeds the force of
the arm’s elasticity.

By pulling the tendon, the manipulator could bend to
reach any point in its path. For points outside the path,
the tendons could be routed through a different inlet to al-
low for a different path. Currently, the manipulator body
contains five inlets; however, new inlets can be easily in-
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Table 1. Manipulator specifications.

Attribute/Item Dimension/Description
Total length 110 cm

Bendable length 108 cm

Width 10 cm

Thickness 0.4 mm per band = 0.8 mm
Number of bands 2

Material type Polycarbonate plastic

Tendon type Fishing line – 20 kg strength
Tendon supplier DAISO Japan
Tendon diameter 0.35 mm

Pully diameter 19.1 mm

Motors 2 × Stepper 28BYJ-48
Motor controllers 2 × ULN2003

Brand of motors and
motor controllers China

Microcontroller Arduino Uno

troduced to the thin, soft body, allowing additional paths
to reach any point within the manipulator’s workspace to
match the relevant application. Table 1 lists the compo-
nents and specifications of the manipulator.

The manipulator utilized an open-loop control ap-
proach. To reach any specific point in its workspace, the
controller used Eqs. (3) and (5) to determine the required
length of the tendon to reach that point. The motor was
then rotated to pull or release the tendon accordingly, us-
ing the following equation to calculate the required rota-
tion:

As = 180
LC

πr
, . . . . . . . . . . . . . (6)

where As denotes the stepper motor’s rotation angle in de-
grees, LC denotes the change in the tendon’s length in mil-
limeters, and r denotes the radius of the pulley at the mo-
tor’s shaft, which is 9.55 mm.

Although the stepper motor required some time to com-
plete the retraction or release of the tendon, its driving
board would not initiate a new rotation operation until
the current operation was completed. Hence, issuing a
new command to the stepper motor to retract or extend
the tendon would only be executed once the current com-
mand was fulfilled. The time requirements for fulfilling a
specific command depended on the rotational speed of the
motor and the number of degrees to be rotated.

4. Experiment Details

An experiment was conducted to measure the response
of the manipulator to tendon retraction through different
inlets into the manipulator body.

Five inlets (holes) were made at 20, 40, 60, 80,
and 100 cm from the lower tip of the manipulator. The
data gathered from the experiment indicated the manip-

Fig. 9. Experimental setup showing the horizontal level ver-
ification of the manipulator base.

ulator’s behavior and its correlation with the model and
calculated theoretical data.

4.1. Setup and Calibration
To set up the experiment, the manipulator was attached

to an aluminum frame such that it was vertically sus-
pended, thus allowing the arm to bend without collaps-
ing because of gravity. A checkered sheet was affixed
to a wooden board, which was then attached to the same
aluminum frame to serve as a background, thus assisting
in obtaining measurements. The checkered background
of 5-cm squares and 1-cm gridlines facilitated obtaining
measurements during the experiment. The alignment of
the manipulator and aluminum frame was verified with a
level tool to ensure unbiased readings caused by misalign-
ment. Fig. 9 demonstrates the experimental setup and lev-
elling verification.

4.2. Experiment Procedure
Initially the manipulator was at the default position (no

bending; θ = 0◦). Fig. 1 shows the location of θ , whereas
Figs. 3(a) and 9 (left) depict the manipulator in the de-
fault position. The starting point tip location (0,0) was
marked. Prior to starting the experiment, the stepper mo-
tors were rotated to tighten the tendon, thereby avoiding
false readings caused by slack tendons. The tightening
operation was conducted in two steps. First, the tendons
were sufficiently retracted until sagging was eliminated.
Each tendon was then retracted in steps of 1 mm. This was
achieved by rotating the respective stepper motor by 6◦ for
each step. The steps for the finer tightening continued un-
til bending initiated, as indicated by the manipulator’s tip
deviation from the default (0,0) position. At that point,
the final 1-mm retraction step was reversed to return the
arm to the default position while ensuring that the tendon
was at its tightest attitude.

The experiment started by rotating the stepper motor
by 90◦, resulting in a 1.5-cm retraction of the tendon and
a slight bending in the manipulator’s arm. Then, the new
location of the manipulator tip was recorded. This process
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(pulling the tendon and recording the new measurement)
was repeated until the manipulator’s tip revolved, forming
a closed loop and the tip touching the body. The illustra-
tion in Fig. 1 shows the posture of the manipulator arm
when it bends because of tendon retraction during the ex-
periment.

The same procedure was followed for all the inlets.
However, for the 20-cm inlet, the tip continued to translate
vertically and did not revolve towards the body; hence, the
measuring process continued until the tip reached a verti-
cal displacement similar to the 1-m inlet iteration. The
measurement process was repeated three times for each
inlet to verify consistency.

4.3. Experiment Results
The motion of the manipulator is two-dimensional, and

an experiment was conducted to determine the relation-
ship between the length of the retracted tendon and the
planar displacement of the manipulator’s tip. In addition
to using 1-cm gridlines, millimeter measurements were
taken with a ruler to determine the exact displacements
of the manipulator tip for each point. The measurements
were then tabulated, and relative graphs were drawn.

Although tendon retraction was relatively slow, small
oscillations were observed. Measurements were taken
once the manipulator arm was stabilized to support re-
peatability. The experiment was repeated three times for
each specific inlet (tendon entrance) in the manipulator
body. Based on the average measurement of the three
iterations, Figs. 10(a) and (b) depict the horizontal and
vertical displacements of the manipulator with respect to
the tendon retraction, respectively. Figs. 11(a) and (b) il-
lustrate a comparison between the expected and measured
horizontal and vertical displacements. For clarity, the data
of only three arm-sections are presented.

5. Analysis and Discussion

In this study, the response of a soft manipulator was
measured, and the obtained results were presented in sev-
eral graphs. Comparing the results, a correlation could
be observed between the values predicted by the theoreti-
cal model and the practical (measured) ones, as shown in
Figs. 11(a) and (b). In Fig. 11(a), both theoretical and
practical values display a sharp increase in the beginning
and a gradual decrease towards the end. In Fig. 11(b),
both values show a linear increase in the beginning but a
non-linear overall curve.

However, the theoretical and practical values were not
identical. By further examining the results, additional ob-
servations can be made. In the following sections, these
observations are discussed, the differences between the
calculated and measured readings are analyzed, and ar-
guments and plausible causes are provided to justify the
differences found.

(a)

(b)

Fig. 10. Measured (a) horizontal and (b) vertical displace-
ments of the manipulator’s tip for the five inlets.

5.1. Full Curvature
The inspection of the manipulator’s response in

Fig. 10(a) revealed that the graphs for arm sections larger
than 20 cm showed a direction towards full revolution,
indicated by their course towards crossing the X-axis
at y = 0. However, it was also noted that the tip did not
reach the full 360◦ curvature as the graphs stopped short
of crossing the X-axis. This performance was caused by
the flexibility and behavior of the two bands forming the
manipulator body.

Because the arm bands were only tied together at the
ends, the tendon pulled the body of the closer band to-
wards the arm tip at the body-inlet, which caused the arm
to form a closed loop at a deviated location with respect
to x = 0. This deviation was inversely proportional to
the distance from the upper base of the arm, as shown
in Figs. 12(a) and (b), where the deviation was larger for
the 60 cm segment than for the 100 cm segment. No-
tably, because of the translucent color of the arm bands
and to improve clarity, the edges of the manipulator arm
are highlighted in Figs. 12 and 13.
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(a)

(b)

Fig. 11. Comparison of the predicted and measured dis-
placements of the manipulator tip. (a) Horizontal. (b) Verti-
cal.

5.2. Manipulator Tip Path Distortion
By inspecting the path of the manipulator’s tip in

Fig. 10(a) for the 20- and 40-cm segments, two types of
distortions could be observed. The first type was related
to the extreme elongation of the path for the 20-cm arm-
section, whereas the second was an abnormal inverse cur-
vature in the path of the 40-cm section in the vicinity of
the x = 40 cm mark.

These distortions could be largely attributed to the dif-
ference in the deformation patterns of the two polycarbon-
ate bands comprising the actuator, as shown in Fig. 13(a).
The difference in the bending pattern was a direct result
of the disengagement of the two bands along the manip-
ulator body. However, as the tendon entry points become
farther from the tip, the body-disengagement effect de-
creased; hence, a more consistent path emerged, as de-
picted in Fig. 13(b).

5.3. Reduction of Horizontal Displacement
Several observations were made during the comparison

of the predicted values to the practical measurements. As

(a)

(b)

Fig. 12. Full curvature pattern of the manipulator arm.
(a) Through 60-cm inlet. (b) Through 100-cm inlet.

shown in Fig. 11(a), a reduction in the horizontal dis-
placement (in the direction of the X-axis) of the manip-
ulator tip was observed for all segments. For all the in-
lets larger than 20 cm, it was observed that the reduc-
tion increased as the tendon entry point became farther
from the tip. The curve pertaining to the 60-cm arm-
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(a) Inlet at 20 cm (b) Inlet at 60 cm

Fig. 13. Different bending patterns of the two bands forming
the manipulator body.

section deviated by approximately 13 cm (43% reduc-
tion), whereas the curve of 100-cm section deviated by
approximately 30 cm, representing an almost 60% reduc-
tion in the horizontal displacement.

This reduction in the horizontal displacement of the
manipulator’s tip was mainly caused by two factors. The
first is the effect of gravity, which pulled the body down-
ward, thus affecting the path’s uniformity and causing it
to elongate, thereby reducing the horizontal displacement.
Because larger segments were heavier, they were affected
more by gravity, and hence produced a shorter horizontal
displacement.

The second factor for the reduction in the horizontal
displacement was the horizontal force component result-
ing from the retraction of the tendon, as shown by hori-
zontal arrow in Fig. 14. This component pushed the entire
manipulator body in the direction opposite to that desired,
thus reducing the horizontal displacement.

It can be assumed that utilizing a less flexible body
could result in a better tolerance towards the force of grav-
ity; however, such research is beyond the scope of the
current study and could be further investigated in future
work.

5.4. Linear Relationship of Vertical Displacement
Figure 10(b) shows a linear relationship between ten-

don retraction and the vertical displacement of the arm’s
tip. This, however, was different with respect to the ex-
pected values shown in Figs. 2(b) and 11(b), where the
graph was initially linear, but towards the end. This dif-
ference could be largely attributed to the effects of gravity
and the material’s modulus of elasticity.

As shown in Fig. 15, for a rigid material with a rela-
tively high modulus of elasticity, and where gravity had

Fig. 14. Forces acting on the manipulator’s tip.

Fig. 15. Comparison of a rigid, predicted-soft, and
measured-soft (under gravity) displacements of the manip-
ulator tip in the vertical (Y -axis) direction.

little effect, the graph represented a circular arc according
to the following equation.

y = L2 sinθ , . . . . . . . . . . . . . . (7)

where y denotes the displacement in the vertical (Y -axis)
direction, L2 denotes the length of the arm, and θ denotes
the deflection angle of the tendon. This equation slightly
differs from Eq. (3) in Section 2 as the tendon length a is
replaced with the arm length L2 because a rigid structure
would have a negligible change in length when pulled by
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the tendon in contrast to the soft body that bends due to
tendon retraction.

6. Conclusion

In this study, a thin and relatively wide manipulator was
introduced, utilizing tendons as a control mechanism for
bending the soft body, thus achieving horizontal and ver-
tical displacement. The manipulator’s light weight and
ability to be wound into a small roll makes it ideal for stor-
age and transportation to remote locations. Additionally,
the manipulator’s configuration allows for the effortless
fabrication of much longer versions of the same manip-
ulator to suit related applications in space or underwater
environments.

The performance of the manipulator was tested for each
of the five inlets in the manipulator’s body, which also
act as tendon attachment points, and the results demon-
strated the manipulator’s ability to reach a horizontal dis-
placement as far as the length of the bending segment.
The results also confirmed the manipulator’s ability of a
full 360◦ curvature and thus, the ability to inspect the ceil-
ing of the vertical structure. However, the results also
highlighted some areas of improvement with respect to
the effect of gravity on the soft body of the manipulator. In
addition, the current research utilized specific inlets’ loca-
tions in the manipulator’s body to obtain specific bending
section lengths. It would be interesting for future research
to explore the possibility of upgrading the current config-
uration to a variable bending length, thus automating the
process of adjusting the segment’s length.
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