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Abstract—Soft robotic arms are receiving more and more at-
tention for their intrinsic safety and natural compliance. Instead
of traditional serialized rotary joints, soft robotic arms often have
complex joints with coupled degrees of freedom like bending,
rotation and elongation, enabling them with more freedoms
in achieving sophisticated movements. However, currently soft
robotic arms are mostly focusing on bending and rotation, while
elongation is either unavailable due to the inextensible backbone
or only has a small range because of the limited contraction ratio
of actuators. Furthermore, the coupling of actuators and complex
structure makes the modeling and control hard. In this paper, we
introduced an extensible soft robotic arm with a large elongation
ratio of 400%, and give a novel modeling method from a new
perspective of the force balance of the arm. The models were
experimentally tested both in loaded and unloaded situations,
showing the effectiveness of predicting the bending, rotation and
elongation of the arm.

Index Terms—Modeling, Control, and Learning for Soft
Robots, Soft Robot Applications, Kinematics.

I. INTRODUCTION

OFT robotic arms, are naturally safe by using soft ma-

terials and structures [1]-[5]. Their natural compliance
empowers them with excellent adaptation to deal with uncer-
tainty and disturbance, allowing for low cost safe and pleasant
human-robot interaction [6]-[11].

For decades, the efforts of developing a soft robotic arm
have never stopped. In general, most of the soft robotic
arms could be regarded as combinations of tendons, springs,
pneumatic actuators and backbones [12], [13]. Back-bones
[14] are the easy choice for their stable structure, such as
the Arm Orm [15] and the Tensor arm [16], Active Hose [17],
omni-thread serpentine robot [18] and Elephant Trunk Robot
[19]. However, back-boned soft robotic arms often suffer from
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the limited bending angle of one segment and are incapable
of changing their length freely. For the non-backbone robotic
arms, the soft arms are either supported by elastic silicon
rubber chambers or extensible pneumatic actuators, therefore
the overall length could be altered to some degree. For exam-
ple, Octopus arm in [20], [21] uses tendons to alter the cross
section area to generate the elongation movement. Some soft
robotic arms use partially constrained silicon chambers, such
as the flexible micro actuator [22], Air-octor [23], COLOBOT
[24], STIFF-SLOP manipulator [25]. These two kinds of soft
arms only have small freedom to change the length because
of structural and material limitations. Pneumatic Artificial
Muscle(PAM) are also widely used, such as the OctArm in
[26], [27] and [28], [29]. Although the length could be changed
more, the elongation ratio is still less than 80% or contraction
ratio less than 40% because of the limitation of PAM. They
also suffer from dramatically decreasing output force when
away from the original length, greatly complicating the design
and control.

Bellow-based robotic arms, such as KSI Tentacle manipula-
tor in [30], Slim Slime Robot in [31], Bionic Handling Assis-
tant [32] and Bionic Motion Robot [33], are either combing
additional tendons or springs which greatly complicated the
overall system, or using specially fabricated bellows which
are not easily accessible. Meanwhile, these soft arms are more
focusing on the bending and rotation, not the elongation part.
Some recent studies have shown more systematical ways for
developing bellow typed arms, such as in [34] and [35] who
used 3D-printing to accelerate the designing and fabricating
process, or in [36] who designed a novel sensor for this kind
of arm.

The modeling and control of bellow based arms are often
complex and hard to implement [37]. Previous models are
mostly from the geometric point of view, commonly based
on the assumption of constant curvatures [12], studying the
kinematics relationship of the arm’s actuator length and the
final posture, requiring great efforts to design and install
different sensors like length encoders, IMUs, vision systems.
However, for some applications, the compliance of the soft arm
makes the accuracy of the position less important. Sometimes a
good model capable of predicting the motion of the arm could
achieve the desired goal without complex feedback sensors.

In this paper, we introduced an extensible soft robotic arm
(ExtenSA) that has a large elongation ratio of 400%. A novel
modeling method of this arm based on the force balance of
the ending plate was derived and given in a general form.
Experiments showed that the model could predict the actual
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Fig. 1. The ExtenSA is composed of 6 long bellows, two ending plates and
intermediate carbon fiber supporting plates. As a backbone-less soft arm, the
structure of ExtenSA is stable due to the large cross section area of the bellows
and the installation distance between bellows. ExtenSA weights only 800g,
but has a large payload of more than 20kg vertically.

state both in loaded and unloaded situations, promising for
sensor-less applications or advanced controls.
The originality of this paper includes:

1) We introduced a light-weight extensible soft robotic arm
ExtenSA with large elongation ratio and large payload.
2) A novel modeling method for bending, rotation and
elongation were given in a general form, both in loaded
and unloaded situations and experimentally testified.
In section II, the design of the ExtenSA was given. In section
I, the modeling of elongation, bending and rotation are
derived, followed by the experimental validation individually
in loaded and unloaded situations in section IV.

II. DESIGN
A. Design of ExtenSA

The ExtenSA is a light-weight backbone-less soft robotic
arm, consisting of 6 long elastic bellows installed circularly
between two acrylic plates, as shown in Fig. 1. The bellows
are vertically glued onto the acrylic plates, which is essential
for the transmission of force. The parameters of the ExtenSA
are listed in Table. L.

The bellows are evenly distributed around the center by an
angle of 60°. The arm is totally supported by the 6 bellows,
without any other tendons or backbones for support. The
hollow inside the bellows group could be used to pass through
tubes or other tools.

One common problem in utilizing bellows is their tendency
to buckle under large payloads. Previous designs mostly use
short bellows forming small segments for stacking to a larger
soft robotic arm, which is complex and the bending angle
of one segment is limited because of the short length of the
actuators. In our design, long bellows are used to achieve a
large bending angle in just one segment. Two thin carbon fiber
plates were added in the middle, constraining the relative radial
movement of the bellows on that plane as shown in Fig. 2.
The large elongation ratio fulfills ExtenSA a large workspace
in different bending configurations as shown in Fig. 3.

Fig. 2. The length of ExtenSA could reach from 100mm to 500mm, with a
maximum elongation ratio of 400%. The bending angle of ExtenSA is 100°,
and the payload of ExtenSA could reach more than 20kg vertically.
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Fig. 3. The geometric representation of the available freedom to move under
a certain bending o.

As a backbone-less soft robotic arm, the ExtenSA has a
relatively large stiffness due to the structural distribution of the
6 bellows. The installation distances between the bellows are
large, compared to other soft robotic arms, providing a large
lever-arm to sustain its bending posture. This enables ExtenSA
to have a stable output while maintaining safe compliance.

B. Comparison With Other Soft Robotic Arms

Compared with PAM-based soft robotic arm, ExtenSA has
a much larger ratio which reaches 400%. PAMs only have a
contraction ratio of less than 40% or an elongation ratio less
than 80%. The PAM works at a relative high pressure source,
while ExtenSA has a larger effective area and a lower working
pressure.
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TABLE I
PARAMETERS OF EXTENSA

bellows . minimal | maximum maximum bending rotation . working vertical | horizontal
number radius length length elongation ratio angle(a) angle(3) weight pressure payload payload
6 0.11m 0.1m 0.5m 400% (0°,100°) | (0°,360°) 800g (—100K Pa, 200K Pa) 20kg 5kg
Compared with other bellow-based soft arms as in [34], where N
[36] who used 3 and 4 relatively short bellows, ExtenSA uses o, o Z P )
6 long bellows (500mm) to form an entire arm. Unlike [36] p Pt ¢

that has a backbone supporting the arm, resisting large length
changes, our ExtenSA is supported by 6 stretchable bellows
allowing for a large extension. Similar to [34] we tackled the
problem of buckling by adding carbon fiber plates, avoiding
the complex segmentation as shown in Fig. 2. But we are using
much larger and longer bellows that could deal with larger
payloads and longer elongation ratio of more than 400%.

ITI1. MODELING
A. Modeling of Length

The output force of bellows could be regarded as a combi-
nation of the pressure force and the spring force of bellows.
The pressure force roughly grows linearly with the pressure
inputs. The slope is determined by the effective area, which
is slightly changing in our case. The spring effect of bellows
is related to the materials and shapes. In this paper, we used
an experimental model for the bellows as in [38], and a linear
spring force model was used accordingly for simplicity. This
assumption holds when the bellows are not near their extreme
positions. Finally, the total output force along the normal
direction of the plate can be written as

N
F =Y [PA -kl — o) (1)
i=1

where ¢ represents the i’th chamber, F' is the output force, P
is the internal gauge pressure inside bellows, A is the effective
area of the cross-section of bellows, k is the spring coefficient
of one bellow, [; is the length of the i’th centerline, [y is the
initial length.

As shown in Fig. 4(a), the individual centerline length I;
has a relationship with the centerline of the overall arm [,,,by

l

l;= [g — Rcos(0; — B)la =1, —aRcos(0; — 5)  (2)

where R is the installation radius of the bellows, 6; is the
installation angle of individual bellows with respect to the X
axis, « is the bending angle illustrated in Fig. 4(c), and  is
the rotation angle illustrated in Fig. 4(b). Therefore, we could
obtain,

N N
Z l; = Nl,, — aRZ cos(; — B) = Nl (3)
i=1 =1

and the total output force equation could be further reduced
into
F =A%, - Nk(l,

—l) “4)

This equation describes the force balance along the extension
direction.

B. Modeling of Rotation Movement
The rotation movement is described as the angle between
the bending plane and the X-Z plane. In free moving situations,
this requires the torque generated by all the bellows around
the Ng as shown in Fig. 4(b) to be zero. The torque output
regarding Ny is
N

> [FiRsin(6; — B)].

=1
Substituting (2) into (6), we get
= S (A + k(lm — lo)

Considering the following equations which always hold if N
actuation units are uniformly distributed circularly, that is with
(91‘ = %271’ 5

T8

ext —

(6)

T8

ext —

— kaRcos(0; — B))Rsin(0; — B)] (7)

N
Zsin(é‘i —-8)=0
i=1
and
N
> “[cos(0; — B)sin(0; — B)] = 0,
i=1

the last two terms in (7) become zero.
Therefore, the final torque equation regarding (3 is

t_ARZ

; sin(6; — B)]

_ _ sin 8
—AR[-®. @] {COS 6] ®)
where we define
N
o, =3 [Picosb;] ©)
i=1
and N
¢, =N [P, sin )] (10)

Thus, we get the equation of describing the rotation motion
written as

Sinﬂ Teﬁxt
[-2c @] Losﬂ} T (1)

2377-3766 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.




This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/LRA.2019.2929994, IEEE Robotics

and Automation Letters

4 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED JULY, 2019

Fig. 5. The external load would exert a bending torque around the center
fixing point of the arm as well as a pulling force along the centerline of the
arm, affecting the bending angle « and the length l,,.

C. Modeling of Bending Movement

Similarly, the torque output for bending movement is given
by
N

or =Y _[FiRcos(6; — )]

i=1
Substituting (2) into (12), we get

12)

T2, = SN [(PA = k(L — lo) + kaR cos(6; — 8)) R cos(6; — B)]
(13)
with

N
Z cos(0; — ) =0
i=1
and

N
> cos’(0; — B) = g,
=1

The final general torque equations regarding « can be written

as
N
NER?«
T2, = AR [P cos(f; — B)] + ~s 2
ext R;[ COS(@ /8)] + 9
- sing] NkaR?
—AR[0, ®.] [COS ﬁ} T e
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Thus, we get the equation

sin 3 T2
[(I)S <I>C] Losﬁ} - ARf ~Cia

5)

where
NER

Y

D. Modeling Result

Combing (4), (11), and (15), we obtain the following
equation group,

T,

cosff  singB 0| [P, “h " Cra
—sinf cosB 0| |®,| = %u (16)
0 0 1] @, |renil.-w
AR
which leads to the following solution:
T T8
o i a0
B| = @ T2, TS
! atan2(®,, d.) — atan2( 55, S — Cha)
—”—A@N,C_F +1o
(17)

When the external load is zero, the result could be simplified

as
o /22132

C
B = atan2(<I>s?<I>c) -7 (18)
lm ggf + o

This model could be used to guide the design of the arm.
For example from (18) we could see that the bending angle
« has a linear relationship with the effective area of the
bellows but an inverse relationship with the installation radius
R, which indicates that it would be more effective to reduce
the installation radius in order to achieve large bending angle.

It could also be used to predict the configuration of the
arm under certain pressure commands, eliminating the usage
of posture sensors, and enabling applications where high
precision is not required and sensors are hard to acquire or
install.
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Fig. 6. The experimental setup and demonstration of the elongation limits of ExtenSA.

E. Modeling With External Load

This model also holds when an external load exists. In this
paper, we assume the arm is loaded with mass m at the end
of the ending plate. From Fig. 5 we could see the mass exerts
a bending torque and a pulling force affecting both « and [,,,.

By taking the arm from free state to loaded situations, the
bending angle would become o/ and the length would become
I!.. According to (15), we get the following equation

~ Mgl (1 —cosa)
ARo'

To simplzify the calculation, the approximation of 1 —
cosa’ =~ %- and I}, =~ I, were applied to obtain o/, leading

t
? o 2ARCi
- 2ARC; +mgly,

The approximation of o ~
leading to

—c1dd = —q« (19)

(20)

al was used to obtain the I/,

L L

These two equations could be used to compensate the change
of « and [,,, due to external loads.

ey

IV. EXPERIMENTS VALIDATION

In this section we show the effectiveness of the model for
predicting the configuration state of the arm both in unloaded
and loaded situations. The experimental setup is shown in Fig.
6, where the ExtenSA is inversely installed on a platform. All
six bellows have pressure sensors with a gauge range from
—100K Pa to 300K Pa. A rope encoder is installed along
the centerline of the ExtenSA, providing the length feedback
of l,, with an accuracy of 1mm. An IMU is fixed at the
center of the plate, with the coordinates coinciding with that
of the ExtenSA. The IMU would generate quaternions with

an updating frequency of 50Hz. The measured bending angle
« and rotation angle 8 are acquired from these quaternions.

We first validate the model in unloaded situations, where
the arm is not attached to any external weight. Then we show
the loaded situations.

A. Length Model Unloaded

To show the elongation ability of ExtenSA, the 6 bellows
were first pressurized to reach the arm’s maximum length and
then vacuumed to reach the minimal length. As seen in Fig.
6, the minimal length reaches below 100mm, and the largest
length goes up to 500mm, with an elongation ratio of 400%
or contraction ratio of 80%.

We validated the length model by freely changing the state
of the arm. As shown in Fig. 7(a), the measured length of
the centerline could be tracked through our model. During the
time ¢t = 10s and ¢ = 28s, the tracking error is larger because
of the hysteresis and friction of the bellows. The error plot is
shown in Fig. 7(d), and the maximum absolute error is 38mm
and the standard deviation error is 15mm.

B. Rotation Model Unloaded

We used a joystick to generate the rotation motion with-
out any particular constraints by inflating some bellows and
deflating the opposing ones. The predicted value of 5 was
derived through the model equation, and the measured value
was acquired by rotating the normal vector of the ending plate
with the instant quaternion. As seen from the result in Fig.
7(b), the result shows that the model predicts the rotation
movement. The error of the rotation model is shown in Fig.
7(e), with a maximum absolute error of 30° and a standard
deviation of 24°.
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Fig. 7. Predicting performance of the models. (a) The measured length of the centerline of the ExtenSA could be predicted by our model. At time ¢ = Os, the
initial length is 392mm. At ¢t = 10s, the pressures sums were decreasing, and the ExtenSA started to contract. At ¢ = 30s, the pressures started to increase,
and the length became longer. (b) The theoretical value of rotation angle S could predict the actual rotation movement. (c) The theoretical value of bending
angle o could predict the actual bending movement.(d) Modeling error of l,,. (¢) Modeling error of a. (f) Modeling error of 3.

C. Bending Model Unloaded

We used a joystick to generate the bending motion as well.
The predicted value of o was derived through the model
equation, and the measured value was acquired from the
instant quaternion. As we could see from Fig. 7(c), the model
predicts the actual bending state. The error of the bending
modeling is shown in Fig. 7(f), with a maximum absolute
error of 17° and a standard deviation of 10°.

— — — - Theoretical
Measured

Length(mm)
w [o%) N
(= W (=
S (e} (=)

W
S

120
D. Simultaneous Tracking Unloaded

-100 80

B(°)

60

()

-150 40

Here we show how the three models of length, rotation and 20
bending could simultaneously predict the movement of the
ExtenSA.

The movements of the ExtenSA are generated randomly,
with different combinations of elongation, rotation and bend-
ing. Then the measured data and the theoretical data were
plotted in Fig. 8, showing an acceptable tracking ability.

-200 0

Fig. 8. The complex movement of the ExtenSA, with random postures
combining different length, bending angle and rotation angle, could be
predicted by our model.

sensor successively, representing the weight of commonly used
tools like a screwdriver. This would cause the average bending
angle o to decrease. The measured angle and model angle
predicted by (20) was plotted in Fig. 9(a), and the average of
Aa was plotted in Fig. 9(c). The result shows that the external
disturbance could be described by the model.

In the second experiment, length was commanded at a con-

E. Loaded Situations

In this section, we test the effectiveness of the model under
external loads.

In the first experiment, the bending angle command was
given as a sin wave, with the length and rotation angle

command constant. A force and torque sensor was installed
at the center of the plate. First the arm was unloaded, then
external masses of 0.51K g and 0.9 K g were loaded at the force

stant of 325mm with o commanded at 7/6 and /5 commanded
at 7. Increasing weights were added at the force sensor,
causing the extension of the actual length. The results were
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Fig. 9. (a) The bending angle under different external loads. (b) The length
under different external loads. (c) The model predicted average change of
bending angle « and length [,

plotted in Fig. 9(b) and 9(d). The modeled length from (21)
could predict the change of the measurement.

V. CONCLUSION

In this paper, an extensible soft robotic arm(ExtenSA) was
introduced that has a large elongation ratio of more than 400%.
A novel method of modeling this type of soft robotic arms was
given in a general form, and then experimentally validated.
A simultaneous tracking of the length, bending angle, and
rotation angle using these models without feedback control
is carried out, showing acceptable tracking error, showing the
effectiveness of these models to simplify the control. Loaded
situations were also studied to show the working capacity of
this arm.

In the future, feedback control using this model would be
studied to gain better position control performance.
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