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Featured Application: This manuscript presents the concept of an inflatable deployable robotic
arm. A characterization of the prototype of the robot link, and methods for the state estimation
and control of the robot, based on an elastostatic approach, are proposed.

Abstract: The rising interest in soft robotics, combined to the increasing applications in the space
industry, leads to the development of novel lightweight and deployable robotic systems, that could
be easily contained in a relatively small package to be deployed when required. The main challenges
for soft robotic systems are the low force exertion and the control complexity. In this manuscript, a
soft manipulator concept, having inflatable links, is introduced to face these issues. A prototype of
the inflatable link is manufactured and statically characterized using a pseudo-rigid body model
on varying inflation pressure. Moreover, the full robot model and algorithms for the load and pose
estimation are presented. Finally, a control strategy, using inverse kinematics and an elastostatic
approach, is developed. Experimental results provide input data for the control algorithm, and its
validity domain is discussed on the basis of a simulation model. This preliminary analysis puts the
basis of future advancements in building the robot prototype and developing dynamic models and
robust control.

Keywords: soft robotics; pose estimation; space robotics; robot kinematics; characterization; inflatable
structures; elastostatic model

1. Introduction

Traditional robot manipulators are widely employed in industrial and structured
environment. Their rigid structure allows great accuracy and, potentially, high force
generation. Nevertheless, rigid manipulators are relatively heavy, and they require a
relatively large stowing bay if they must be mounted on vehicles. Soft robots, i.e., robots
built utilizing soft materials, represent a growing trend in recent years. They provide
adaptability, compliance and low mass, and can be optimally designed for a large variety of
applications [1]. The main disadvantages of these systems are a low force production and
difficulty in their control. The design of soft manipulators can span along all the spectrum
between totally soft and rigid structures, depending on the desired robot features: more
degrees of freedom imply lower precision and the increase of the structural compliance
reduces the force exertion [2].

In space applications, volume and weight are critical features, and the use of deploy-
able structures is often a benefit [3]. Inflatable structures, made by soft materials, can be
easily transported in compact and lightweight packages and can be inflated to be deployed,
when required. Some of the most relevant projects in this field were the Mars Pathfinder
inflatable airbag landing system [4], the Inflatable Antenna Experiment (IAE) [5] and an
inflatable and rigidable solar array [6]. Space inflatable booms have high packaging ratio
and are extremely lightweight compared to other deployable technologies, although they
have low deployment accuracy and post-development stability [7].
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For these observations, soft robotics can meet and resolve aerospace issues, developing
inflatable deployable robotic manipulators, based on soft materials and variable stiffness
bodies. The design of inflatable manipulators must concern their architecture, fabrication
procedures, kind of actuation and the control of the entire robot. Validated modeling
methodologies are paramount to carry out the design and control of such robots.

Inflatable manipulators are typically divided into continuum [8] and articulated robots.
Articulated manipulators can consist of inflatable links with rigid [9] or variable stiffness
joints [10] and completely soft structures with soft joints [11], e.g., using pneumatic [12,13],
or tendon-driven actuators [14]. Nevertheless, the use of soft joints leads to more complexity
in the design and stiffness control of the actuator [15].

Furthermore, the manipulators with inflatable links can be modeled considering tra-
ditional approaches developed for flexible link arms [16], pseudo rigid bodies [17] and
simplified small deflection assumptions [18]. In [19] a recursive numerical algorithm to
compute inverse dynamics of a manipulator with an arbitrary number of elastic joints
is presented, moreover a variant of the algorithm is used to implement a feedback lin-
earization control law for the accurate tracking of trajectories. In [13] a joint for inflatable
robotic arms (IRAs) is actuated by two antagonist pneumatic artificial muscles (PAMs),
using a pressure control to perform their characterization. In [20] a pneumatical actuated
humanoid robot, with two IRAs, is controlled using model predictive control (MPC) and
linear quadratic regulation (LQR) in the joint space. Then, in [21] the MPC is compared
against sliding mode control (SMC).

This work lays the basis for the development of a lightweight and large size manip-
ulator for space application, proposing a basis structure with two inflatable links and
three degrees of freedom (DOF) that should be used to place a 3-dof wrist in a desired
position. All the joints are actuated by electric motors in order to avoid the need of air
supply and valves for motion control This solution allows the robot, when deflated, to
be easily contained in a small package with respect to its extended configuration. The
robot can be deployed through air supply when it is required. The inflation phase could
be activated by a valve that connects the links to a pressurized tank. Once inflated at the
desired pressure, the robot could be disconnected from the air supply.

As mentioned before, some important issues, related to soft robots, are the effective
control and the capability to support the required payloads. This paper wants to face these
issues, proposing algorithms for external force and robot state estimation, performing
the inverse kinematics, accounting the link deformations, and using a pseudo rigid body
model. In addition, experimental tests for the link manufacturing and characterization are
shown, defining the limits and procedures for the assembly of the entire robot prototype.

2. Robot Concept Design and Models

A robotic arm system, consisting of two inflatable links with same length L and three
joints, actuated with three DC torque motor, is considered. The robot could be connected
to a pressurized tank for the inflation phase. Reached the set nominal pressure, it could
work independently from air supply. Since the tank pressure can reach 30 MPa and the
nominal link pressure can be reasonably considered in the range of 10-60 kPa to produce
acceptable link proprieties, as this work suggests, the tank volume can be limited in size if
compared to the whole system. In this work the robot is assumed to be deployed.

The kinematic scheme, under assumption of rigid links, is shown in Figure 1, and its
Denavit-Hartenberg (D-H) parameters [22] are reported in Table 1. In the following, the
model of the inflatable link and how to use it for the robot pose estimation are presented.
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Figure 1. Kinematic scheme reporting Denavit-Hartenberg parameters.

Table 1. Rigid Robot Denavit-Hartenberg parameters.

Link a; K di l,,
1 0 /2 0 h
2 L 0 0 o
3 L 0 0 ¥

2.1. Inflatable Link Model

When pressurized, the link can be considered as a beam, since the pre-stress due to
the pressure supply stiffens the structure. In [23] the displacement v(x) along an inflatable
beam is calculated as:

B F (lx2+x3)+ Fx )
o) =ETpsi\2 ") T rrjcs

where F is the external shear force acting at the distance ! from the joint, E is the Young
modulus, G is the shear modulus, P = p7ir? is the normal force acting on each cap that
depends on the internal pressure p and the radius r, S is the cross-section area that depends
on the wall thickness ¢, [ is the second moment of area, and j is a correction shear coefficient,
determined from the cross-section shape, usually set in literature j = 0.5 for circular thin
tubes, e.g., in [24].

The model can be simplified to be easily utilized for the robot control, therefore a
pseudo-rigid body model [25] is used in this work, as illustrated in Figure 2. The cylindrical
inflatable link, with length L, is represented as two rigid bodies, having same diameter d
and lengths [; and I, such that their sum is the link length L. The two bodies are connected
by a hinge with a torsional spring, whose behavior is described through the Hooke’s law:

ko =1 @)

where k is the spring stiffness, ¢ the angular deflection and 7 the reaction torque.
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Figure 2. Inflatable link pseudo-rigid body model, 2D scheme.

These models can be considered effective until the pressure is able to maintain the link
walls stressed, otherwise the formation of wrinkles leads to the collapse of the structure. The
wrinkling moment can be defined as the bending load for which the first wrinkles appear,
and an increase in deflection does not produce an increase in moment. Several formulations
and approaches are available in literature for the wrinkling moment estimation [26]. For
the goals of this work, the following formulation by Wielsgosz et al. [27] is considered to
define the wrinkling moment My,:

My = gnpﬁ 3)

2.2. Robot Kinematic Model

The inflatable link model is adopted to improve the simple robot model introduced
before, allowing to consider the deflections due to the soft structures. The link model is
extended to evaluate the deflections along two orthogonal axes, neglecting the torsional
deformations. Therefore, two torsional springs are considered for each link. The introduc-
tion of the pseudo rigid body model for the inflatable links adds additional uncontrolled
degrees of freedom at the entire robotic arm. The robotic arm reaches 7 degrees of free-
dom: 3 for the actuated joints and 2 for each link introduced by the virtual springs. A 3D
representation of the robot is shown in Figure 3.

Motor 3

Link 2

Body 1 Link 2

Body 2

Motor 2 End Effector

Motor 1

Figure 3. Robot 3D Model.
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The new kinematic model is shown in Figure 4, and the D-H parameters are explicated
in Table 2. The joint variables g = [0, 02,93, 04, 05,35, 197]T are divided in motor joint
variable g,, = [81, 8, 85]" and virtual spring joint variables g, = [93, 94, 8, 87]". In all
this work the notation with the subscript m indicates the motor-associated components
i =1, 2, 5 and k indicates the spring-associated components i = 3, 4, 6, 7.

196

Figure 4. Kinematic scheme with additional degrees of freedom.

Table 2. Flexible Robot Denavit-Hartenberg parameters.

Link a; o d, 191'
1 0 /2 0 )
2 ll —7m/2 0 192
3 0 /2 0 05
4 I 0 0 By
5 ll — 7'[/2 0 195
6 0 /2 0 %%
7 I 0 0 Oy

2.3. Load and Pose Estimation

To study the behaviour of the flexible robot, it is essential to estimate the external load
acting on the system. In this way, the deformation of the flexible link can be calculated, and
the pose estimation can be performed.

The motor torques T, = [11, T, T5]T and positions q,, = [¢1, ¥, 195]T are considered
as known parameters. In a real case, appropriate sensors can be used to provide these
quantities. The external forces f, = [ fe, xr feys fe,z] T act on the robot end-effector (EE) and
the external torques are assumed null g, = [0, 0, 0] T The virtual springs have all the same
stiffness k = k3 = k4 = k¢ = ky, as the system is assumed to be orthotropic. In addition,
space application is considered, so weight force is set to zero in the algorithm.

An elastostatic approach is adopted to solve the problem. The Jacobian matrix is
J=101 ..., J7], with

J = Zji—1 X 876 _pi—l) @)
i—1
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where z;_1 is given by the third column of the rotation matrix R? , p, is the position of
the EE and p,_, is the position of the joint i — 1, expressed in the operating system. The
following equation is valid:

=] 7 ()

T
where T is the torque vector and 7, = {feT, ,ueT} represents the external load. Considering

only the motor torques T, it is:
T
T = Jin-Ye (6)

where J,, = [J; J, J5). Finally, for the inflatable link model, reclaiming (2):
T = k-q. (7)

where 1, = [13, T4, T, T7]T are the virtual spring torque.

Using the (5-7), a recursive algorithm is developed, as illustrated in Figure 5. It needs
as input the motor torques 7, and positions g,, and the virtual spring stiffness k, and it
estimates the external load ., the joint variable related to the link deformations g, and
relative torques Ty.

Initializing
Read q,, and 1,, /— qy 0 5

) i While F @
| e > thresh. P

/ Read last computed gy /

| Calculate the Jacobian: J7(q) I
!

Calculate
€= “qk,new = qk,last“

| Find y, with: 7,, = JT, - ¥, |
!

| Find t with:t= JT-y, |
}
| Find new q;, with: 7, = k - q, |

l

Figure 5. Load and Pose Estimation Algorithm.

2.4. Elastostatic Inverse Kinematics

In the previous subsection, an algorithm to evaluate the deformations of the flexible
structure and the forces acting on the EE, knowing only the value of motor torques and
positions, has been proposed. Assuming the same hypotheses, the problem of positioning
the EE from the starting point xg, to the end point x,;, with certain speed v, is approached.
In this case, the load . is considered known and constant.

Figure 6 shows how the algorithm works. It can be divided in two main parts: first,
the motor joint variables g,, are calculated to be used for the motor control; then, the
virtual spring joint variables g, are estimated, given the external load -y, and the virtual
spring stiffness k, though a recurrent algorithm, based on the same elastostatic approach
previously described.
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Y E T | Deformation | 9k E
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Forward q
Kinematics

Figure 6. Recursive algorithm for inverse kinematics and state estimation using an elastostatic approach.

Once the deformations g, are estimated, the vector of all the joint variables g is built to
perform the forward kinematics and calculate the expected EE position x,, to be compared
with its set value x,;. The error e can be calculated and multiplied by the symmetric positive
definite matrix K, that can be tuned to enhance the performance.

Having defined the right pseudo-inverse of the Jacobian matrix:

* =0 () ®

the joint velocity variables can be calculated with:

4, = ],fo(vd +K-e). 9)

where ]f' is a [3 x 6] dimension matrix composed by the 3 motor-associated rows of ]f .
Finally, throughout numerical integration, the inverse kinematics is completed by
calculating the motor joint variable q,,,.
Therefore, this algorithm allows the robot to reach a point in the workspace by calcu-
lating the deformation of the inflatable links and consequently considering them to modify
the set rotations of the actuated joints.

3. Inflatable Link Prototype and Characterization

A prototype of the inflatable link has been designed to have a cylindrical shape and
good air pressure resistance. It consists in a soft cylindrical polyvinyl chloride (PVC) coated
fabric, closed by two stiff PVC caps each of them secured by a seal and a metal band to
ensure cohesion and avoiding air losses. Compressed air is supplied throughout one of
the rigid caps. The link has a length L = 600 mm, radius r = 55 mm and wall thickness is
t = 0.5 mm.

An experimental set-up has been arranged to perform the static characterization,
analysing the link as a cantilever. The purpose of the tests is to evaluate the static perfor-
mance of the link as a function of inflation pressure, evaluating the stiffness constant k, that
appears in the robotic arm model. The main set-up of the components is shown in Figure 7.

The inflatable link is fixed to a rigid structure, and the internal pressure p is measured
by a pressure sensor. During a single test, the pressure is maintained constant by a pressure
regulator. In order to ensure the repeatability of the test condition a UR5 robot is used to
impose the link a position set vj, that involves an angular deflection ¢, as schematized in
Figure 8.
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UR5

Pressure
Sensor

Force
Sensor

Joint

Probe Inflatable
Link

Pressure
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Figure 7. Cantilever beam, experimental set-up.
h >
/ [y b
/ _________________________________ -
2l @ e I
7 ~<I
/ T ~ Vur
/| TS v(L)
/ T~ F

Figure 8. Static test for stiffness estimation, experimental set-up.

The zero position corresponds to the rest position. The contact between the UR5 and
the link takes place through a probe, allowing to better identify the distance / from the
fixed joint and the axis of the probe, having minimized the contact surface. During the tests,
the URS5 end-effector moves orthogonally with respect to the initial axis of the inflatable
link. The exchanged forces F are measured by a force sensor.

4. Results

The experimental tests were carried out with constant inflation pressure value, consid-
ering pressures in the p = 10-60 kPa range. During the tests, the first wrinkle has occurred
at the distance /; = 30 mm from the fixed joint, so it can be considered in the link model
as the length of the first body. Having set the distance # = 500 mm for each test, through
trigonometric considerations, the angular deflection ©# and the torque 7 can be calculated,
assuming small-angle approximation, from the recorded force F and the position set vr.

Results are plotted in Figure 9. According to the experimental data, the stiffness
characteristic below the theoretical wrinkling moment value, given by (2), can be approx-
imated as linear. The inflatable link linear model can be considered valid until T < My,.
Consequently, for each test, a linear regression of the points below wrinkling conditions
is performed to evaluate the stiffness k. The average torque of the points over wrinkling
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conditions M,y allows to trace a characteristic for the entire range of the examined angles,
assuming M,y as a saturation value. Results are summarized in Table 3, where the esti-
mated stiffness k with its standard deviation oy, the theoretical wrinkling moment M, and
the average maximum experimental torque M,y are reported.

20 kPa 30 kPa
g 10 kPa 12 20
5 — 090°%0 10 5009°7
WA /000 15
—rm———== & e mm R CE L EE L X OO e -
E E (R iy g i i g g - ol g s g sy g |
Z Z Z 4
23 g6 $10
g & g g 5
2o 2o 2 A
5 oo%%
1 2
0 0 0
0 1 2 3 0 1 2 3 4 0 2 4 6 8
Angles [deg] Angles [deg] Angles [deg]
40 kPa 50 kPa 60 kPa
20 25 B s s s =S oA ==
; 2.0 6 9
. 7 O b o
R s S St St N 120 0 Y0 0 O SPS U L P S S 17 o Qi i | F
____--————7—0/;5 ————————— 20 6, o—aa-mq- 20 ° 8
15 Ol . P o e
—_ 9 —_ ,% /% —_ o
5 o4 510 510
2 o/ = g &
5 2 g © Data
*,"/ 5 ,,’r' 5 7 ——Linear Approximation
B 2 o - - - -Confidence interval P=99.7%
° — = Wrinkling Moment
0 0 0
0 2 4 6 8 10 0 2 4 6 8 10 12 0 2 4 6 8
Angles [deg] Angles [deg] Angles [deg]

Figure 9. Experimental data and linear model on varying pressures for the considered inflatable link.

Table 3. Results from the inflatable link characterization.

p-[kPa] k:-[Nm/rad] oy-[Nm/rad] M0 [Nm] My, [Nm]
10 182.56 3.37 4.99 4.11
20 187.30 1.48 9.45 8.21
30 155.89 2.66 14.99 12.32
40 174.42 6.22 18.77 16.42
50 169.44 5.51 21.76 20.53
60 166.66 4.99 N/A 24.63

The experimental maximum moment M, follows the trend of the theoretical wrin-
kling moment M. The internal pressure p establishes the wrinkling moment, and so
the maximum torque the link can support. On the other hand, the estimated k val-
ues do not show a clear correlation with the pressure, and their variations in the range
155.89-187.30 Nm/rad could be due to the quality of the support. This result is consistent
with the prediction from Equation (1).

Using the average of the stiffness values k = 172.71 Nm/rad, a characteristic of the link
is built, making it possible to estimate the unknown Young’s modulus E of the PVC coated
fabric, knowing the features of the link, and setting the pressure. The computed values
of the Young’s modulus result in the range E = 136-140 MPa for pressures from 10 kPa to
60 kPa, hence its dependence on pressure in this range can be considered negligible.

In Figure 10 the configurations of the soft robot during a movement of the EE from a
starting point x4+ to an end point x,, following a planned trajectory, using the elastostatic
inverse kinematics algorithm, are shown. The simulation utilizes as stiffness the average of
experimental stiffness values k and as external load a sample value f, = [0, 10, —15] N.
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0.5
04 Xq
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E
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0.1
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0 = Starting Configuration
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=== Final Configuration
\, ©® Motor Position
04 \ A Equivalent Spring Position
0.3 ® End-Effector Position
02 - = End-Effector Trajectory
- - ‘Elbow Trajectory
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0 . - vy - B B - \ 1
Y [m] 02 04 06 08

X [m]
Figure 10. Results of elastostatic inverse kinematics algorithm.

The robot model effectively follows the planned trajectory, setting the rotations of the
motor joints to compensate the deformations of the inflatable links. This aspect is under-
lined in Figure 11, where the values of motor joints angles computed by the elastostatic
algorithm are compared with those defined by a rigid body reverse kinematic algorithm.

T ool e
< T YT TLL UL -
= ——Motor, flexible links
e g —Motor, flexible links
® 2
S 0f ——Motor, flexible links
s | 1 1 | s Motor, rigid links
S -40F '
= = 0 1| eme Motor2 rigid links
60 P — =+==Motor, rigid links
80 . “—\.-\,,__y —
-100 ! ; ;
0 2 4 6 8 10 12 14
time [s]

Figure 11. Motor joint variable set in the case of robot with flexible and rigid links.

During the simulation, the maximum moments acting on the links are identified and
compared to the experimental data to find the minimum internal pressure required to
ensure the validity of the model. Supposing both links have same features and internal
pressure, having on the link 1 a maximum moment of Ty, = 17.51 Nm, resulting from
the combination of the torques acting on the two orthogonal virtual springs, the pressure
should be p > 50 kPa.
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5. Conclusions

This manuscript introduces the concept of an articulated soft robot with two inflatable
links and three degrees of freedom. Its lightness and capability to be contained in a
relatively small package when deflated, makes the robot suitable for space applications.

The prototype of the inflatable link, made of PVC-coated fabric, was tested and
statically characterized, using a linear pseudo-rigid body model. The model proposed is
considered valid until the pre-stress point, when due to the pressure, the fabric walls are
stiffened, making it possible to thereafter consider the link as a beam. Results evidence that
the validity limits of the model depend on the inflation pressure, while this value does not
influence the stiffness of the link until it remains in the 10-60 kPa range.

Recurrent algorithms for the pose and load estimation and to build the inverse kine-
matics of the manipulator were developed. Data from the characterization tests of the link
prototype were considered and implemented in the robot model to evaluate the deforma-
tions due to the inflatable nature of the links. The presented methodology, based on an
elastostatic approach, can calculate the sets for motor joint rotations, compensating the link
deformations, for precise trajectory planning.

This work represents a preliminary analysis to be further developed. A dynamic
model and more advanced control system of the robot is under development, as well as
the design of the prototype of the full robot.
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