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Abstract— Driven by performance criteria and requirements
from specific applications in healthcare for instance, the soft
robotics community have created a huge amount of different
designs for pneumatically actuated soft robots. The assessment
with regards to these criteria usually involves a full charac-
terisation of the soft robotic system. In order to support these
efforts during the prototyping phase and standardise assessment
procedures, a physical platform is described in this paper
that allows to gain essential insights into the characterisation
and validation of control algorithms for pneumatically driven
soft robots. The platform can be connected to a Matlab
Graphical User Interface allowing to send pressure values as
well as record and plot data, and, hence, it is able to actuate
and characterise main features of soft robots, such as the
kinematics/dynamics, stiffness and force capability. The user
can chose between two control units including the NI USB-6341
and Arduino Due. These components facilitate implementing
and validating control algorithms using different tools, e.g.,
Matlab/Simulink. To demonstrate the feasibility and function-
alities of our platform, three soft robotic systems have been
analysed. We present characterisation results for a variable
stiffness joint, the kinematics results during the inflation of an
elastic membrane and the validation of an open-loop control
strategy for a soft continuum robot.

I. INTRODUCTION

Fluidically driven soft robotic manipulators can offer high
flexibility and dexterity, a light-weight design and vari-
able stiffness capability [1], [2]. Many robotic devices are
pneumatically or hydraulically actuated pressurising cavities
within soft material structures resulting in shape changes,
e.g., ballooning, elongation or bending [3]. These type of
robots have show benefits for various applications, e.g.,
for pick-and-place operations using soft grippers [4], for
surgical interventions using soft robotic tools [5], [6], for
rehabilitation using exoskeletons [7] and for industry using
collaborative robots made of soft links and joints [8], [9].
These prototypes have been created with regards to the
application’s requirements, that have led to a variety of
design methods, e.g., for inflatable manipulators or mem-
branes [10], fibre-reinforcement structures [11], [12] and hy-
brid rigid-soft mechanisms [13]. To facilitate the prototyping
and development process of these pneumatically driven soft
robots, efforts towards generating standardised hardware and
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Fig. 1. Physical platform for actuation, characterisation (e.g., kinematics,
stiffness and force identification), control implementation and validation of
pneumatically driven soft robotic system. The platform consists of three
floors covering high-voltage components, DC components and characteri-
sation space. The CAD drawing in Fig. 4 gives a detailed view.

software tools have emerged. One example is the prominent
’Soft Robotics Toolkit” [14].

The initial step of creating a physical soft robotic prototype
concerns the fabrication technique. Aiming at providing
and generalising a design paradigm for creating fluidically
driven robots, a fabrication recipe is presented in [3]. Some
challenges in the state-of-the-art method of manufacturing
soft robotic systems remain, including enhancing the man-
ufacturing accuracy and consistency [15]. Any kinematic
change and dynamic behaviour results from the change in
input air pressure. Hence, the development of soft robotic
systems have not only focused on the robot design but also on
valves and pressure regulators, that form essential actuation
components. Advancements in actuation systems include
the Programmable-Air platform [16], PneumaticBox [17],
Penuduino [18], addressable regulators [19], OpenPneu [20]
and FlowlIO [21]. For instance, the recently launched FlowIO
aims to supply air actuation through a miniaturised, portable
and self-contained system. A desktop-size actuation system
has been developed in [22], which can be used for real-time
control applications. The device is compatible with MAT-
LAB/Simulink. Similarly, a control and drive system (Pneu-
SoRD) for soft robots is presented in [23], to control the
pressure using on-off and proportional valves via Simulink
or LabVIEW. Furthermore, interdisciplinary research has
focussed on pressurised fluids by using chemical means [24],
purposed mechanisms [25] and soft materials [26].



In addition to the hardware development, frameworks
for kinematics/dynamics modelling and control algorithms
have been created. Examples include the piecewise constant
curvature and the Cosserat rod model [27], [28]. Based
on these models, (openly accessible) software tools have
been proposed and are available to the soft robotics com-
munity [29]. For instance, the Simulation Open Framework
Architecture (SOFA) has been created, which can deliver
physical simulation and real-time control for soft robots us-
ing Finite Element Method (FEM) [30]. Further frameworks
include SoRoSim based on Matlab achieving modelling and
control of soft or hybrid rigid-soft robotic systems based on
the geometric variable strain model [31]. Sorotoki is a Matlab
toolbox that offers the ability to design, model, and control
soft robots, using the FEM and geometric theory [32]. To
allow users to customise design parameters for bellow soft
pneumatic bending actuators, a Matlab toolbox was designed
in [33], which can generate CAD files and then simulate the
actuators’ performance using analytical or FEM models.

Overall, tremendous advances have been made in shar-
ing tools for soft robot manufacturing and fabrication, on
pneumatic actuation systems, modelling and control algo-
rithms. The available packages have significantly supported
soft robotic development, in addition to, motivating relevant
research. On the other hand, Joshi and Paik [34] have made
progress towards a platform to characterise forces of a soft
manipulator. However, a combined physical testing platform,
which consists of an actuation system and, at the same time,
which is able to fully characterise the performance of soft
robotic systems during the prototyping process, could be
beneficial to validate modelling and control algorithms.

In this paper, we present the design of a characterisation
platform, which includes air pressure actuation, evaluation
of kinematics/dynamics, stiffness/compliance and force ca-
pability, as well as control validation, for pneumatically
actuated soft robotic systems. The feasibility of our plat-
form is demonstrated through the analysis of a number
of soft robotic prototypes. In particular, we first discuss
required functionalities of our platform to characterise soft
robotic systems. We then present the physical platform and
detail its structure and design. A graphical user interface
(GUI) is designed to facilitate the usage of the platform.
Finally, we provide three showcase studies, including the
characterisation of soft inflatable membranes, a rigid-soft
pneumatic-driven joint, and inverse kinematics control of a
soft continuum robot. The design of the platform and related
Simulink examples are accessible via the GitHub repository:
https://github.com/ucl-robotics-ai/test-platform-soft-robotics.

This remainder of the paper is structured as follows: The
requirements of the proposed platform for soft robotic sys-
tems characterisation are discussed in Section II. Section III
describes the platform design, including the hardware, i.e.,
structure and electronic design, and the software, a GUI
toolbox for robot characterisation. Section IV then reports
on three use cases demonstrating the feasibility of the
platform. The discussion and conclusions are then presented
in Section V.
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Fig. 2. Stiffness measurement demonstrated on a soft robotic manipulator
applying (a) a pulling and (b) a pushing force. The force F results in a
displacement or deflection x along the force direction.

II. REQUIREMENTS FOR CHARACTERISATIONS OF SOFT
ROBOTS

This section highlights the requirements for the charac-
terisation of soft robotic systems, e.g., with regards to the
kinematics/dynamics, stiffness and force capability. Theses
considerations then guide the platform design.

A. Kinematics, Dynamics and Motion Tracking

Motion tracking is of paramount importance for the kine-
matic/dynamic characterisation and control of soft robots.
This data is essential for evaluating robot’s performance dur-
ing prototyping stages and implementing control strategies,
e.g., for curvature [28] or task space regulation [35]. The
actuation variables and robot motion needs to be monitored.
Motion tracking can be achieved using 3D tracking systems
(e.g., by OptiTrack) or electromagnetic trackers (e.g., by
Northern Digital Inc. (NDI)). For instance, a 6-DoF sensor
from the NDI Aurora magnetic tracking system can provide
both position and orientation information.

B. Stiffness/Compliance Ildentification

Compliant materials used to fabricate soft robotic systems
provide flexibility and adaptability. Understanding the stiff-
ness of soft robots is critical for the robot’s design, e.g.,
determining suitable materials and morphology for targeted
applications. To quantify the value of softness, stiffness or
the inverse, compliance, is often determined. As this value
depends on force and displacement measurements, a load
cell could either push or pull at different locations of a soft
robot (e.g., at a manipulator’s tip), as shown in Fig. 2.

A pulling force could be used to achieve stiffness identi-
fication (see Fig. 2(a)). A tendon is attached to the tip of a

Force sensor
Fig. 3. Example of a blocked force identification setup. The tip of the

robot is locally constrained when the robot is actuated. The force F;, can be
measured by a force sensor.
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Detailed hardware structure of our characterisation and control platform. The platform is able to validate kinematics/dynamics models through

motion tracking, identify stiffness and measure blocked forces as discussed in Section II (as shown on the left hand side). The first floor includes an
AC-DC converter, circuit breaker, the multifunction I/O device USB-6431, and the Aurora control uni. The second floor is made of the DAC cicuit board,
Arduino Due, terminal blocks and pressure regulators. The third floor includes the field generator of the Aurora magnetic tracking system and a mounting
plate for soft robotic systems. The CAD files are available in the GitHub repository.

soft robot on the one side and pulled by a calibrated weight
in the other side. In this case, any friction and measurement
errors of the force could be mitigated. The displacement x
would need to be monitored by tracking devices.

When measuring the stiffness by a pushing force (see
Fig. 2(b)), a force transducer is mounted on a linear rail [8] or
robotic arm [36] exerting a force on the soft robot resulting in
a displacement x. This method has been extensively applied
to characterise soft robotic manipulators [3], [36]. It is worth
mentioning that any friction between the robot and sensor is
inevitable. In particular, when the measured force values are
relatively small [37], any unexpected friction force errors
could significantly influence readings. In comparison, the
stiffness identification by pulling forces might have higher
accuracy compared with pushing forces, which can be ad-
vantageous for stiffness or compliance model validation [38].

C. Force Identification

For robots that physically interact with the environment, it
would be beneficial to understand the soft robot’s behaviour
when contact forces are exerted [3], [4]. In this case, the
blocked force can be used to describe the force capability of
the robot. To achieve this, a force sensor could be added to
constrain the robot’s tip in a certain pose. The robot might
deform generating an interaction force. The force sensor
could measure, e.g., this blocked force at the tip.

In summary, the functionality of our characterisation plat-
form should include the above mentioned features. Our
platform should be able to accommodate the characterisation
of various soft robotic systems.

III. SYSTEM OVERVIEW AND PLATFORM DESIGN

Following the identification of the desired features in
Section II, this section will present the details on the design
of the platform and its interface. The overall structure of the
platform is shown in Fig. 4, with its electrical architecture
shown in Fig. 5. The platform can be connected to a GUI
toolbox for robot characterisation (see Fig. 6).

A. Hardware Overview and Design

The platform contains: six proportional valves (Camozzi
K8P) to regulate pneumatic air pressure; an electromagnetic
tracking system (NDI Aurora) to monitor the position and
orientation of a robot; a force/torque (F/T) sensor (IIT-FT17)
to achieve force identification; electronic circuits to regulate
proportional valves; a control unit (i.e., a USB-6341 and an
Arduino Due) and a 220V AC power supply to power the
platform. The multifunction I/O device USB-6341 (National
Instruments) and an Arduino Due form the control unit,
which can be selected based on the application. The Arduino
Due has a 32-bit 84MHz processor, 512 KB flash memory,
up to 12 PWM outputs and 12 analogue inputs (12-bit).
On the other hand, the USB-6341 offers high frequency
acquisition (up to 500 k Sample/s) and is equipped with up
to 16 analogue inputs and 24 digital outputs (including 4
PWM ports).

The high-voltage (220V AC) and low-voltage (< 24V DC)
components are positioned on different floors to ensure elec-
trical safety. The top floor is designed for accommodating
different characterisation setups (as described in Section II).
The structure of the platform can be divided into:
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and the platform is achieved via USB and Ethernet. Both the Arduino Due and USB-6341 can be selected as the control unit, depending on specific

applications.

The first floor includes components in need of 220V
AC power, i.e., the NDI Aurora, F/T sensor and USB-
6341. In additional, an AC-DC converter (Mean Well TP-
150D, 154 W) provides 5V (2~20A), 12V (0~1 A) and
24V (0.4~4A) DC voltage for low-voltage DC electronics.
Protection circuits, including a emergency shutdown button
(Schneider Harmony XB5) and over-current fuse (Allen
Bradley 1492-SPM, 6A), are embedded to ensure safety.

The second floor is dedicated to low-voltage (< 24V DC)
electronic circuits. Six pressure regulators can be used to
control and monitor chamber pressures within soft robotic
systems (0~3 bar, 6 L/min). Pressurised air is supplied to
the regulators by a HYUNDAI HY5508 compressor. The
regulators are controlled by a 0~10V analogue voltage,
which are converted from PWMs generated by the Ar-
duino Due or USB-6341. To achieve Digital-to-Analogue
Conversion (DAC), the PWM is first filtered by a resistor-
capacitor (RC) circuit (time constant T =2 ms). The output is
then amplified by non-inverting Op-Amps (Texas Instruments
LM358AN/NOPB, dual supplies). The amplifier gain %,
depends on the voltage levels of the control units, e.g., k, is
3.03 for the Auduino Due (shown in Fig. 5) and 2 for the
USB-6341. For each PWM output port, a pull-down resistor
(3.3 kQ) is connected to have a default zero output when
there is no PWM output value. As such, the PWM duty is
proportional to the converted analogue signal and used to
control the pressure regulators. The pressure regulators can
also monitor the pressure via an analogue output (0 ~ 10V).
It is worth mentioning that the feedback voltage needs to be
processed by a voltage divider to make it compatible for the
Arduino Due. Details of the electrical design can be found
in Fig. 5. All wire connections are integrated through screw
clamp terminal blocks.

The third floor is used to achieve the evaluation and
characterisation of soft robots, e.g., kinematics/dynamics,
stiffness and force identification. For motion tracking, the
field generator of the NDI Aurora electromagnetic tracking
system is located at the bottom of the floor to provide
an electromagnetic domain, so the system can track the
robot motion by attached trackers. The force sensor can be
positioned to achieve a force-related identification.

B.  Communication Interface and GUI Toolbox Design

The platform provides the opportunity for versatile pro-
gramming and communication interfaces. All devices are
connected to a host computer via USB and Ethernet. The
software package LabVIEW, for instance, is compatible with
the NI USB-6341 providing mature libraries to facilitate
programming. In addition, MATLAB’s DAQ toolbox can be
connected to the NI devices through embedded MATLAB
libraries. Compared to the USB-6341, the Arduino Due
offers more flexibility and advantageous, e.g., for self-defined
serial port communication. It either can be programmed
using Arduino code or a third-party software provider, e.g.,
MATLAB/Simulink, with Arduino support packages. This is
beneficial for real-time control implementation and tuning
parameters in a cost-efficient and convenient way.

To facilitate the characterisation of soft robotic systems
in line with the discussions in Section II, a user-friendly
GUI toolbox has been designed in the Matlab. A snapshot is
shown in Fig. 6(a). The architecture of the GUI is presented
in Fig. 6(b). In this GUI, users need to first select different
modes/functions (see Fig. 6(a)) from the main setting page,
based on the characterisation requirements. Three sub-pages
are designed to achieve different functions and save the
results. In particular, these functions include:
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identification examples shown at the bottom. (b) The architecture of the GUIL

1) Chamber actuation: In this mode, a user is able to test
the robotic system using default (e.g., sine-wave, step)
or user-defined pressure inputs. Pressure values can be
controlled and monitored.

2) Position tracking (in line with Section II-A): This
mode is for kinematics/dynamics evaluation. After an
actuation pressure value has been inserted, the corre-
sponding results can be recorded and saved.

3) Stiffness identification (in line with Section II-B): The
change in displacement can be measured and recorded
by the tracking system for an applied known load. As
such, the stiffness is calculated.

4) Force identification (in line with Section II-C): In this
mode, the force capability is identified..

IV. CHARACTERISATION EXAMPLES OF SOFT ROBOTIC
SYSTEMS

Three soft robotic systems are used as use cases to demon-
strate the platform’s functionality. A stiffness-controllable
joint, an inflatable membrane and a soft continuum robot
are analysed and characterised.

A. Characterisation for a Stiffness-controllable Joint

The first use case involves a variable stiffness joint for
collaborative robots achieving inherently safe human-robot
interaction. The joint is made of two elements: a rigid central
hinge, and two silicone chambers with fibre reinforcement
located on two sides of the hinge. The pressure difference
between two chambers results in the robot to bend clockwise

The design of the GUI toolbox for robot characterisations. (a) Snapshots of the main page for setting, with the motion recording and stiffness

The source codes for the GUI can be downloaded from the GitHub repository.

or anti-clockwise. At the same time, the antagonistic actua-
tion of the two chambers can be used to change the stiffness
of the joint.

The characterisation of the joint’s bending angle, output
force and variable stiffness capability was conducted using
our platform. When identifying the bending angle and stift-
ness, the variable stiffness joint was mounted upside down
onto the plate on the third floor of the platform. A 6-DOF
aurora tracker was attached at the tip of the joint to measure
the variation of the bending angle. When identifying the force
generation, the joint was mounted with the force sensor, onto
the same plate of the platform (see Fig. 4).

Fig. 7 shows the results from the GUI toolbox. In Fig. 7(a),
the loading (red curve) and unloading (blue curve) bending
behaviour of the joint is recorded when it was linearly
actuated from O to 3 bar pressure. The maximum bending
angle reaches around 45°. It is observed the hysteresis of
the loading and unloading curves is non-negligible, e.g., the
maximum angle difference of the two curves is 9.1°, i.e.,
20.5% with respect to the maximum bending angle. The
results for the blocked force measurements are shown in
Fig. 7(b). Again the loading and unloading curve is plotted.
The test results that the joint can achieve around 19 N output
force when it was actuated by 1.5 bar air pressure, and the
hysteresis is barely observed. Lastly, the platform can also
be used to evaluate the stiffness of the joint. In this case,
two stiffness values have been generated by the following
chamber combinations: 0.1/0.46 bar and 0.35/0.65 bar. Both
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Fig. 7. Characterisation results for the variable stiffness joint. (a) Kinemat-
ics identification. (b) Force generation identification. (c) Variable stiffness
analysis for two pressure combinations.

pressure combinations result in the same bending angle of
20°. The results in Fig. 7(c) show that the joint can achieve
an increase in stiffness from 42.7 N.mm/° to 49.8 N.mm/°,
by changing the pressure combination.

B. Measurement of Inflation Height of an Elastic Membrane

The inflation of soft elastic membrane is common in
soft robots [10] and haptics [39]. In order to return desired
deformations or force responses from an elastic membrane
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Fig. 8. Results for an inflation of a circular elastic membrane with constant
load of 50g and 100g.

under a certain pressure, the characterisations of membranes
are required for specific applications. Our designed platform
is able to analyse this behaviour. The elastic membrane has
been fixed to the characterisation floor and pressurised for
characterising the relationship between pressure and inflation
height. During the experiment, a load of 50g and 100g
were exerted to the membranes. The inflation height 4y of
the pressurised membrane has been monitored using the
Aurora tracker as well as the applied pressure values. Hence,
the relationship between the inflation height and actuation
pressure has been identified under different load conditions.
Fig. 8 shows the results of characterising a circular elastic
membrane with a load of 50 g in red colour and 100g in blue
colour. The figure reports on the standard deviation and also
compares the experimental data with a computational model.
The curves suggest a highly linear behaviour for pressure vs
height between 0 and 0.1 bar pressure.

C. Inverse Kinematics Control for a Soft Continuum Robot

For the third use case, a soft robotic manipulator is
mounted to our platform. The manipulator is made of a cylin-
drical silicone body with three fibre-reinforced chamber pairs
that can be pneumatically pressurised. Applying pressure in
one or two chamber pairs will lead to bending behaviour;
pressurisation of all chambers simultaneously will achieve
elongation [40]. The cross-sectional geometry of the robot
used in our experiment is the same as Type-1 robot reported
in [37]. The diameter of the robot is 14.5mm and the length
is 60 mm.

To analyse a control implementation, Simulink is used for
open-loop inverse kinematics control based on the Cosserat
rod model. The spatial configuration of the robot’s backbone,
including the displacement vector p(s) and the rotation
matrix R(s), can be differentiated with respect to the curve
length s, where d(-)/ds denoted by (-) 5. Eqn. (1) yields.

Ps(s) =R(s)v(s), Rs=R(s)i(s), (1)

where v(s) is the local strain vector and u(s) is the local
curvatures and torsion. In addition, the derivatives of force
n(s) and moment m(s) can be described by (2).

n’s(s) :fe<s)+fP(s)7 m.,s(s) = _ﬁ,s”(s) _le(s)+lP(s>7 2
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Fig. 9. Control scheme of implementing the inverse kinematics to the
platform using Simulink.



where f.(s) and l(s) are the distributed external force
and moment. fp(s) and [p(s) are the distributed force and
moment resulting from pressurisation. More details can be
found in [29]. A linear constitutive material model is adopted
to relate n(s),m(s) to v(s),u(s) yielding in (3).

n(s) = R(s)K (v(s) — 0,0, I]T),m(s) = R(s)Kpu(s), (3)

where K, contains the shear and elongation stiffness, and K,
contains the bending and torsion stiffness [27]. To achieve
trajectory tracking, the shooting method is used. The initial
guess g(0) is set as in (4).

£(0) = [n(0),m(0), Py, P>, 3], 4

where n(0) and m(0) are the force and moment at the
base, and Py,P,P; are the desired actuation pressure in
three chambers. When the robot has no interaction with the
environment, the boundary conditions are as written in (5).

n(L)” =Fg, m(L)? =m}p, p(L) = ya, (5)

where superscript b denotes the body frame. As such, F; },’ and
m?, are the force and moment written in the body frame and
resulting from the pressurisation. y,; is the desired position.
The inverse kinematics is achieved by integrating (1) and (2)
based on the initial condition (4). The levenberg-marquardt
optimisation can update the initial guess until the boundary
condition in (5) satisfies.

Simulink is used to implement the inverse kinematics
The command pressure is sent to the platform via an
USB port. Simulink runs in the Connected IO mode. The
control scheme is shown in Fig. 9. Figs. 10(a), (c) and
(e) show the tracking results for circle, rectangle and heart
shapes recorded by the Aurora magnetic tracking system.
Figs. 10(b), (d) and (f) report the collected corresponding
actuation pressure. Desired information, e.g., position and
actuation pressure values, can be recorded for further anal-
ysis. Apart from the control implementation, it is worth
mentioning that the characterisation showcases for this ma-
nipulator can also be found in [37] for kinematics, and [41]
for dynamics.

V. CONCLUSIONS

This paper presents the design of a physical platform
supporting the actuation, characterisation and control im-
plementation/validation for pneumatically driven soft robotic
systems. Firstly, we summarised the functionality require-
ments for the characterisation of soft robots with regards to
their kinematics/dynamics, force and stiffness identification.
To fulfil these functions, we described the structure and
electronics design of the platform in detail. At the same
time, a Matlab GUI toolbox has been created to facilitate
and streamline a soft robot’s characterisation process. The
functionality of the platform was validated by three use
cases, including the characterisation of a variable stiffness,
hybrid rigid-soft joint, an elastic membrane and the inverse
kinematics control implementation of a soft continuum robot
via Simulink.
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Fig. 10. Results for the inverse kinematics implementation. The Aurora
tracking system records the different trajectories of (a) a circular, (c) a
rectangular and (e) a heart shape. The recorded control pressure values are
plotted in (b), (d) and (f). This Simulink example can be downloaded from
the GitHub repository.

In line with efforts of the soft robotic community to
support the design of soft robotic systems, e.g., in [16]-
[19], [21] and the development of the modelling and control
algorithms from [30]-[33], the combination of our platform
with a GUI toolbox provides a solution to characterise soft
robots’ performances during the prototyping stage and to
further build a validation bridge between the development of
modelling algorithms and robot prototyping. The design is
made freely available to potentially support the soft robotics
community. In this sense, we focused on the functionality of
the platform and aimed to build in off-the-shelf components
to standardise the list of components and ensure the stability
of the system.

In future, we aim to advance the capability of our plat-
form through integration into the Robot Operating System.
Furthermore, we will make the use of the remaining available
I/Os and increase the controllable pneumatic channels.
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