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Abstract—In this work we present a novel, inductance-based
system to measure and control the motion of bellows-driven
continuum joints in soft robots. The sensing system relies on
coils of wire wrapped around the minor diameters of each bellows
on the joint. As the bellows extend, these coils of wire become
more distant, decreasing their mutual inductance. Measuring this
change in mutual inductance allows us to measure the motion of
the joint. By dividing the sensing of the joint into two sections and
measuring the motion of each section independently, we are able
to measure the overall deformation of the joint with a piece-
wise constant-curvature approximation. This technique allows
us to measure lateral displacements that would be otherwise
unobservable. When measuring bending, the inductance sensors
measured the joint orientation with an RMS error of 1.1°. The
inductance sensors were also successfully used as feedback to
control the orientation of the joint. The sensors proposed and
tested in this work provided accurate motion feedback that would
be difficult to achieve robustly with other sensors. This sensing
system enables the creation of robust, self-sensing, and soft robots
based on bellows-driven continuum joints.

I. INTRODUCTION

The emerging field of soft robotics is enabling fundamen-
tally new ways to design, build, and control robotic systems.
Such soft robots exhibit complex behaviors that emerge from
deliberate compliance in the actuators and structure. By in-
corporating passive degrees of freedom into their structure,
soft robots can passively conform to the constraints of their
environment and to the objects they are manipulating. Many
soft robots are actuated by the flexible expansion of hermeti-
cally sealed volumes driving compliant joints. Systems based
on these principles are lightweight, flexible and have low
reflected inertia. This makes them inherently safe in physical
human robot interaction. Moreover, the sealed actuators and
flexible joints are well-suited to work in harsh environments
where external contaminates could breach the dynamic seals
of rotating or sliding shafts.

In this paper, we focus on sensing and controlling the mo-
tion of bellows-driven continuum joints. The sensing system
relies on coils of insulated conductive wire wrapped around the
minor diameters of the bellows. These coils form circuits with
inductance values that change with the length of the bellows.
The measured inductance values can be calibrated to measure
the motion of the joint. We demonstrate experimentally how
sensors such as these can measure and control the motion of
bellows-driven continuum joints.

We utilize a joint made from four pneumatically driven
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Fig. 1. Bellows-driven continuum joints are used to create robots without
finite degrees of freedom. Sensing the motion of such robots is a challenge.
The inductance-based sensors presented in this work will bring estimation and
control to robots like the one pictured here (created by Pneubotics).

bellows that are positioned around a central steel cable (Fig.[T).
This joint has been developed by Pneubotics. The bellows
create bending torques about two axes while keeping the joint
stiff in torsion. By pressurizing pairs of antagonized bellows
simultaneously, the passive bending stiffness of the joint is also
controllable. Joints with similar features have been developed
for applications in industry and academia. These have relied
on bellows [10] [3] and other soft, fluid-powered
actuators [3}, (18] [16].

The advantages of soft continuum joints come with the
new challenge of sensing and controlling their distributed
motion. While traditional robotic systems provide discrete
mechanical joints on which to couple rotational or translational
sensors, soft continuum joints, by their nature, do not have
such convenient coupling points. Instead, the deformation of
soft joints is typically measured with an external localization
system, inertial measurement units (IMUs), or a set of internal
Sensors.

External localization systems include visual “3D motion
capture,” electromagnetic tracking, and radio frequency indoor
positioning systems. Visual localization systems typically rely
on retro-reflective markers or laser beacons [22]]. These
systems require a line-of-sight to operate. Accordingly, they
have limited utility in visually occluded workspaces. Electro-
magnetic tracking systems [29} 23] avoid these occlusion prob-
lems but have smaller workspaces. Radio Frequency systems
may have vast workspaces but limited accuracy [30]. More-
over, high-frequency signals rapidly attenuate underwater.

In some situations, IMUSs can be used to estimate the motion



of dif cult-to-sense joints in robots and humans [13, 4]bellows were wrapped with exible wire (Fig. 2). This created
Orientation estimates from IMUs, however, are not alwaysrcuits of circular coils spaced along the length of the bellows.
accurate. Without reliable magnetic eld information, IMUAs a bellows expanded in length, the circular coils moved
heading estimates are susceptible to drift. Naturally, orientarther apart, reducing the inductance of the corresponding
tion estimates can only measure robot motion that changssuit. The joint was instrumented and controlled to calibrate
orientation This is not always the case. Continuum joints, foand test the inductance-based sensing system.
example, can de ect laterally without changing the relative
orientation of the joint ends.
Internal sensors measure the deformation in the system
directly. The deformation can be measured, for example, by
recording changes in length along well-de ned paths. The
length of joint sections, for example, can be measured through
the recoil of strings or tendons under tension [16, 10]. Strain
can also be measured using elastomers with elements that
exhibit changes in resistance or capacitance [2, 24, 26].
Optical ber,s can measure Stram, (and thus bending) ,Vla Flbﬁlé. 2. The minor diameters of the plastic bellows were wrapped with
Bragg Gratings [17] or deformation-induced attenuation [25hsulated conductive wire (red and blue). The inductance of the circuit
Elastomeric waveguides can also be used [32, 28]. The shapwides a measure of the bellows length.
of cable-like sensors can be measured through the changing
distance between pairs of LEDs and phototransistors [14, 11].The joint was provided by Pneubotics (an Otherlab com-
Inductance-based sensors have been developed by the authany, San Fransico, CA, USA, Fig. 1). The joint consists of
Felt and Remy for use in soft actuators such as benditwo plates connected to four bellows spaced around a central
bellows [8] and McKibben muscles [7, 9, 6]. steel cable. The centers of the bellows are kept at a xed
Among these sensing technologies, inductance-based sdistance, designatel of 4.9 cm from the central cable. The
sors provide unique advantages. String recoil systems &teel cable has a lengthof 19.7 cm between the plates of the
often bulky and fragile. Elastomeric and optical ber system@int. It provides a “fulcrum” to convert the extension forces
can fail under repeated strain and may require specializedthe bellows into bending moments. The bellows have 26
equipment to fabricate. Inductance-based systems rely on offajor diameters between the plates of the joint. The major
the-shelf, high- ex-life wire to create inexpensive and lowand minor diameters of the bellows are 6.7cm and 4.9cm,
pro le sensors. respectively. The joint is actuated by pressurizing the bellows
The primary contribution of this work is the introductionwith compressed air. The antagonized con guration of the four
of inductance sensors that measure the motion of bellovisllows creates a 2-DOF bending joint with independently
driven continuum joints. We develop the theory, models arantrollable joint torque and passive stiffness. The unmodi ed
design principles for these sensors. The experimental seng@igt has a range of motion of 90 in each axis. In this work,
system measures the motion of the joint independently in twlee pressure in the bellows was maintained below 0.41 MPa.
halves along the joint length. This allows us to measure lateralThe joint was out tted with four distinct inductance circuits
displacement even when there is no change in orientatiffrig. 3). Pairs of adjacent circuits measured the bending in
between the ends. The performance of the sensing systemedsh half of the joint. The circuits were formed from “tinsel”
tested in both quasi-static conditions and as feedback for thige with a high ex-fatigue life (TN3637, 1.14 mm outer
control of a bellows-driven joint. diameter, resistance 588m, MN wire, St. Paul, MN, USA).
The hardware of our experimental system is described Tine exible wire was wrapped around 12 minor diameters of
Section Il. Section Il discusses theory, including the kinemathe bellows in the corresponding half. Each minor diameter
ics of the joint (111-A), models for the inductance sensor (llI-Bhad two turns of current (except at the ends of the circuits
and design principles relating to the same (llI-C). Sectionhere there was only one turn). The inductance was measured
II-D investigates the use of “split-joint” sensing to measurwith an LDC1614 chip (Excitation voltage: 1.2-1.8V, Texas
lateral displacement. Our experimental methods and resuhstruments, Dallas, TX, USA). This chip measures the res-
are described in Section IV. This includes the calibration arwhant frequency of four inductor-capacitor oscillating circuits
veri cation of the sensing system (IV-A), the estimation ofn rapid succession. To this end, each inductive circuit was
the joint position under lateral loads (IV-B) and the feedbadakionnected in parallel with a high-precision (1 %, NPO) 100 pF
control of the joint orientation (IV-C). This is followed by aceramic capacitor.
general discussion in Section V. To provide a ground truth reference for our sensor, the joint
was mounted upside-down on a level mount such that the
relative orientation of the ends could be measured with an IMU
Our inductance-based sensing system was implemented dbgnamic accuracy: 1 , 3-Space Micro USB, magnetometer
commercial, bellows-driven continuum joint. To create a selflisabled, Yost Labs, Portsmouth, OH, USA). A 38cm arm was
sensing joint based on inductance, the minor diameters of @tached to the end of the joint for calibration and testing.
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