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Abstract

We present the design and development of the fluid-driven, wearable, Soft Poly-Limb (SPL), from the Greek word
polys, meaning many. The SPL utilizes the numerous traits of soft robotics to enable a novel approach in providing
safe and compliant mobile manipulation assistance to healthy and impaired users. This wearable system equips the
user with a controllable additional limb that is capable of complex three-dimensional motion in space. Similar to an
elephant trunk, the SPL is able to manipulate objects using a variety of end effectors, such as suction adhesion or a soft
grasper, as well as its entire soft body to conform around an object, able to lift 2.35 times its own weight. To develop
these highly articulated soft robotic limbs, we provide a novel set of systematic design rules, obtained through
varying geometrical parameters of the SPL through experimentally verified finite element method models. We
investigate performance of the limb by testing the lifetime of the new SPL actuators, evaluating its payload capacity,
operational workspace, and capability of interacting close to a user through a spatial mobility test. Furthermore, we
are able to demonstrate limb controllability through multiple user-intent detection modalities. Finally, we explore the
limb’s ability to assist in multitasking and pick and place scenarios with varying mounting locations of the SPL
around the user’s body. Our results highlight the SPL’s ability to safely interact with the user while demonstrating
promising performance in assisting with a wide variety of tasks, in both work and general living settings.
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Introduction

OBOTIC MANIPULATORS that can be worn on the human
body provide users with extra appendages to support,
assist, or enhance their existing capabilities. Such wearable
manipulators do not aim at replacing biological limbs such as
prosthetic devices' or provide musculoskeletal augmentation
such as exoskeletons.” Kinematically, these robots do not have
to follow the user’s anatomy and therefore do not restrict
movement or require alignment with biological joints, and are
easier to don and doff. Examples of wearable manipulators
have ranged from robotic arms,>* legs,s’(’ and ﬁnigersj_9
showing functional benefits in industrial® and medical™"° tasks.
However, the introduction of wearable manipulators brings
up the question of adoption and controllability. Previous re-
search has shown that the human central nervous system is
capable of accepting and learning to control additional

limbs.'"*'? Therefore, with some training, humans should be
capable of working with additional limbs to complete tasks
more effectively. Preliminary research has shown control-
lability of robotic manipulators with multiple human partic-
ipants, utilizing biological signals from the frontalis muscle
on the forehead,'® torso muscles,'* the foot,'> or the elbow.?
Additional forms of user-intent detection to control robot
manipulators that work closely to humans have been docu-
mented.'®™'? Nevertheless, adoption of such devices goes
beyond just being able to control them. There are psycho-
logical and social factors involved, for example the stigma
of having additional limbs as seen in people with Polymelia
(people or animals with more than usual number of biologi-
cal limbs).>** In recent studies,*** focus groups have been
assembled to expand on the possible use cases and the via-
bility of wearable manipulators. In terms of adoption, the
majority of the focus groups received wearable manipulators
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and their capabilities favorably and even requested persona-
lizable features such as different colors and designs. Ad-
ditionally, the focus groups preferred robotesque limbs over
anthropomorphic limbs, suggesting that the latter would be
“creepy’’ or “‘scary.”” A need for a comfortable, easy to don
and doff, and lightweight robot was also expressed.
Although the benefits from the use of wearable manipu-
lators are slowly becoming more apparent, most of the current
robotic systems still have to face the obstacles that come with
their rigid design, such as weight, size, and the challen%-
ing interaction between human tissue and rigid materials.”>
These challenges lead to questions related to the safety of the
user that could possibly limit technological, and later social,
adoption. One of the emerging solutions to tackle these
challenges originates from soft robotics. Soft robots, or in-
trinsically soft devices, are highly adaptable and robust to the
changing environment, safe for human—robot interaction, low
cost in terms of fabrlcanon 11ghtwe1ght and finally offer high
power-to-weight ratios.”*>° Their compliant nature allows
conformity to the user’s body without causing tissue damage,
making them suitable for wearable applications.’*=® This
versatility could promote psychological acceptance of such
devices by eliminating some of the constraints of rigidity.
This wave of soft robotics has led to the introduction of
soft actuators® *° and the possibilities of combining them to
create soft continuum manipulators in various categories
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such as cable-driven actuators,” " pneumatic artificial

muscles,4346 inflatable structures,‘m5 0 and fluidic elastomeric
actuators.”’ ™ The blend of soft robotics and wearable ma-
nipulators sets forth a new category of robots, which we name
Soft Poly-Limbs (SPL’s), that is, soft manipulators that act as
extra appendages.

In this article, we portray the potential of a soft and modular
upper limb SPL for safely and effectively assisting the four
main categories of users and tasks, as shown in Figure 1 and
Supplementary Movie S1 (Supplementary Data are available
online at www.liebertpub.com/soro). We present the major
components of the SPL, including as follows: (1) the new
design of the robust, elastomeric ring-reinforced actuators
(RRAS); (2) the three-chambered actuators (3CAs), made by
bundles of multiple RRAs; and (3) the complete continuum
SPL. We investigate the mechanical behavior of the soft,
highly articulated limb and its components by analyzing a set
of design parameters using computational finite element
method (FEM) models that we validate experimentally. We
also address some of the concerns of possible future adopters
in design, function, and esthetics of the SPL. Lastly, through a
series of experiments we showcase the potential of this novel
wearable robot limb by demonstrating a variety of interac-
tions, user intention detection methods, and usage tasks be-
tween a human and the SPL. In particular, the contributions of
this work are:
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1. Design and development methodology of a novel SPL
capable of assisting a wide range of users.

2. First-time demonstration of a soft arm mounted on a
user, capable of operating by counteracting gravity in
the horizontal plane.

3. A set of systematic design rules, which allows the soft
robotics community to design their own SPL, that is
compact, robust, and capable of highly articulated
motions in three-dimensional(3D) space.

4. Investigation of the geometrical parameters of the
components that make up the SPL (the novel intro-
duction of the soft single RRAs and their bundle ver-
sion, called the 3CA).

5. New quasistatic computational (FEM) models, which
can accurately estimate the motion behavior of RRAs,
the 3CAs, and the entire SPL under varying geomet-
rical parameters that are validated with physical ex-
periments and kinematic models.

6. Exploration and validation of the SPL’s capability to
produce high payload-to-weight ratio (2.35 times its
own weight).

7. Exploration and validation of hands-on and hands-free
methods of detecting user intent to perform gross and
fine control of the SPL.

8. Investigation of the SPL’s capabilities to safely operate
and interact around a human by picking and placing
daily living objects and assisting in multitasking sce-
narios through variable mounting positions of the SPL
on the human body.

Materials and Methods
Actuator materials

Properties of the elastomeric materials are initially de-
termined using a standard testing method, ASTM D412,
which involves a uniaxial tensile strength test and curve
fitting of the collected data with various hyperelastic models,
such as the Yeoh,5 4 Ogden,5 > and Neo-Hookean models,5 5 to
obtain the most accurate material property coefficients for
modeling. The Yeoh,”* Ogden,>® and Neo-Hookean models
fall into the category of phenomenological models that are
created based on the descriptions of the observed material
behavior.” These models are widely used and generally
yield good results for soft hyperelastic materials.” Curve
fitting the material data with the aforementioned models, the
Ogden model demonstrated the most suitable fit using an R*
coefficient to determine accuracy. All of the 3D FEM
models are created and analyzed using ABAQUS/Standard
(Simulia, Dassault Systemes) and formulated as tetrahedral
quadratic hybrid elements (element type C3D10H). Models
for the RRA are gauged for the maximum linear extension
with a varying internal pressure in the actuator. Models for
the 3CA are analyzed for the maximum bending angle with a
varying internal pressure in the two adjacent actuators of the
3CA. Finally, a model for the entire SPL is analyzed for its
ability to perform complex poses while utilizing all of its
3CAs.

The RRA is composed of two main components, the elas-
tomeric actuator body and the reinforcement rings. In this
study, we focus on varying the spacing between the rings and
the thickness of the rings. The material of the rings is a digital

acrylonitrile butadiene styrene (ABS) and is treated using an
elastic model with Young’s modulus of £=2620MPa and a
Poisson’s ratio of 9 =0.35. The material of the elastomeric
actuator body, with a shore hardness of 30A (Dragon Skin
30; Smooth-On, Inc., Macungie, PA), is modeled using a
hyperelastic incompressible Ogden third model®® with the
following material coefficients obtained after uniaxial testing
of dogbone samples: pl=1.180, «1=1.069, u2=0.874,
02=-1.237, p3=-1.939, «3=0.134, D1=0.702, D2=0,
D3=0.

Hardware overview

A custom soft robotics evaluation platform is designed to
test the capabilities of individual RRAs, the 3CAs, and the
SPL is shown in Figure 5D. The setup is designed to have the
ability of fixing the SPL on a perforated plate that is mounted
on linear stages capable of moving in both horizontal and
vertical directions using motorized ball screws driven by
servo motors (AKM Series; Kollmorgen, Radford, VA) and a
linear drive system (MGO6K; Thomson Linear, Radford,
VA). The motorized configuration allows for accurate posi-
tioning of the soft components under investigation and is
capable of performing dynamic experiments. To achieve
pneumatic regulation, the experimental platform is equipped
with 16 pressure regulators (ITV1050-21N2CL4 Pressure
Regulators SMC) and 32 fast switching speed, high-flow,
solenoid valves (MHE3-MS1H-3/2G-1/8-K; Festo, Esslin-
gen, DE). These valves enable simultaneous and independent
actuation of up to 16 soft actuators. The pressure regulators
are attached to a pneumatic supply with a constant pressure of
0.413 MPa. Additionally, pressure sensors (PSAN-1C(P)V;
Autonics, Mundelein, IL) are connected to each of the
available pneumatically regulated fluidic lines to monitor the
pressure in the soft actuators. All the pneumatic equipment
and motors are controlled by a real-time controller (Com-
pactRIO NI cRIO-9042; National Instruments, Inc., Austin,
TX). The actuation system, control loop for each RRA is
shown in Supplementary Figure S1; note that the SPL is made
of nine RRAs. Motion trajectories of soft components are
monitored through a dedicated motion capture system with
six wide-angle, low-latency cameras (Optitrack Prime 13W;
NaturalPoint, Inc., Corvallis, OR) that are mounted to the
platform.

A universal testing machine (UTM) was also used (Instron
5944; Instron Corp., High Wycombe, UK) for testing the
payload capacity of the SPL.

Participant study

A single healthy male adult (age, 23 years; mass, 80kg;
height, 1.85 m) participated in this study. The study was ap-
proved by the Arizona State University Institutional Review
Board, and all methods were carried out in accordance with
the approved study protocol with number 00007970. The
participant provided written informed consent.

Fabrication method

In the first step, molds for creating tapered RRAs are
fabricated using high spatial resolution rapid manufacturing
3D printers (Objet30 and Fortus250; Stratasys, Eden Prairie,
MN). As shown in Figure 3A(i), the mold is comprised of
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four parts: a two-part shell, a center cylindrical core, and a top
cap. The two-part shell is designed with extruded features to
create evenly spaced, circular impressions on the inner silicone
for the alignment and placement of the reinforcement rings in
the following step. The two-part shell is secured together and a
silicone mixture of shore hardness 30A (Dragon Skin 30;
Smooth-On, Inc.), is poured into the mold cavity. The central
hollow cavity is generated using a 3D printed tapered core to
ensure equal thickness of the tapered actuator wall. A dowel
pin is attached to the center of the bottom end of the core to
achieve the desired concentricity within the mold. A top cap is
used to ensure alignment of the core and secure the core and
the mold together during the silicone curing process. The
mold—core setup is placed in an oven at 60°C to expedite the
silicone curing process. A total of nine RRA are fabricated,
three of each size for the three differently sized segments,
following the same molding process.

In step two, A set of rings is 3D printed from a digital ABS
material (RGD531; Stratasys) using an Objet30, 3D printer
(Stratasys). The rings are designed to restrict radial expansion
of the silicone actuator, allowing only axial elongation during
pneumatic actuation. Each set of rings is made to fit the ta-
pering sizing of the actuator, thus becoming incrementally
smaller at each passing ring. Nine ring sets are inserted onto
each soft actuator to create all the required RRAs for the SPL
as shown in Figure 3A(ii).

Step three includes the fabrication of the 3CA as shown in
Figure 3(iii). A two-part mold is designed to fuse the three
RRAs together with the addition of a silicone core and a
silicone sheath that surrounds the periphery of all actuators.
The three individual RRAs, prepared in the previous step, are
arranged in an equilateral triangle fashion inside the mold,
offset 120° from one another, and centered using a mold
cap. Liquid silicone mixture is used to fill the void space
between the three RRAs and placed in an oven to accelerate
the curing process. Once cured, the 3CA actuator and cores
are separated from the mold. Seal tape is applied to the outer
surface of the 3CA and it is dipped vertically into a shallow
silicone container to simultaneously create a sealing cap in all
three chambers. The seal tape prevents excess material from
adhering to the actuator body. The 3CA is completed with
three pneumatic lines inserted, one into each actuator, on the
side with the larger segment radius.

Finally, a set of modular connections are 3D printed from a
digital ABS material (RGD531; Stratasys). The connector
pieces are designed to allow attachment and detachment of the
modular 3CA segments using nuts and bolts. The ends of each
3CA are fitted into the connectors and the fluidic tubing line is
fed through an opening in the side of the connector piece and
routed loosely on the side of the actuators. The connector
pieces are secured to the ends of the 3CAs with a silicone
adhesive (Sil-Poxy; Smooth-On, Inc.), which ensures a strong
bond between the two materials, as shown in Figure 3A(iv).
All segments are then assembled creating the SPL. Any form
of end effector can then be mounted at the tip of the SPL to
complete the fabrication process, as shown in Figure 3A(v).

Control and characterization

To control the SPL, we developed a discretized pneumatic
control scheme. As shown in Figure 7A, the low-level
pneumatic control architecture linked the user intent to the
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physical position of the SPL. The maximum workspace of the
limb and each individual 3CA segment was discretized into a
5x5 end effector motion controller. Pressurization of the
SPL to the desired location is accomplished by controlling
fast-switching solenoid valves to allow regulated pressure
into the selected RRAs at a constant rate. This closed-loop
system is monitored at a low control level with pressure
sensors connected in series to each RRA. User intent is
captured using an analog joystick (OM300B-M2; Yueqing
Omter Electronic & Technology Co., Ltd., Wenzou, China),
an inertial measurement unit (IMU) sensor (BNOO55; Bosch,
Broadview, IL), and a set of surface electromyography
(sEMG) sensors (MyoWare AT-04-001; Advancer Tech-
nologies, Raleigh, NC).

SPL oscillations during pressurization were combated by a
stepping algorithm within the control logic (Supplementary
Fig. S2). To move between chosen positions, the algorithm
divides the total change in pressure for each RRA by i, an
iteration variable representing the number of steps, as defined
by the user. The output is a constant pressure change in each
RRA for every step. Each step has an experimentally cali-
brated delay, which provides a tradeoff between actuation
speed and end-position oscillation.

Results
Design considerations for a SPL

We design and develop the modular SPL, as shown in
Figure 2B. The SPL consists of three different modular
segments, called the 3CAs. Each fluid-driven chamber of the
3CA is a single RRA. The RRA is a tubular soft-silicone
actuator made of ring reinforcements. These rings are located
along its external walls and are designed to restrain radial
expansion and promote linear extension motion when pres-
surized (Fig. 3B). In our preliminary® work, we have dem-
onstrated that grouping fiber-reinforced actuators (FRAs),”’
allowed the interacting actuators to produce a three degree of
freedom (DoF) motion. However, it was noticed that the thin
fiber reinforcements would slowly slice into the elastomeric
body of the actuator during each pressurization cycle, even-
tually damaging the actuator. To improve the robustness of
the reinforced actuators,57’6' we introduce new ring rein-
forcements, with a larger contact surface area. These plastic
ring reinforcements are quick and easy to fabricate using
digital fabrication techniques and are shown to be more ro-
bust for long-term use.

Connecting three 3CAs in series, as shown in Figure 2B,
produces a highly maneuverable continuum soft robotic limb
with a total of nine DoFs. The length of the SPL is designed to
approximately match the length of an average-sized adult
male arm, which is around 0.59 m from the tip of the shoulder
to the center of the wrist.®> Each of the SPL segments has a
length of 160 mm. With the inclusion of a modular connector
piece in between each segment, the SPL is ~0.57m in
length. Furthermore, tapering is applied to the segments and
SPL, similar to that seen in arms and trunks of animals like
the octopus and elephant, respectively, which utilize highly
flexible and articulated tapered appendages.®® A decreasing
diameter at each segment ensures a reduction of volume and
weight at the distal end, bringing the limb’s center of mass
closer toward the body of the user and its total weight to
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FIG. 2. Customizability and modularity features of the SPL. (A) The SPL allows the user to mount the limb at various
positions on the back frame to enable access to different task spaces. (B) The SPL is constructed with three modular tapered
segments, the 3CAs. Each 3CA segment is made of three elastomeric chambers placed in an equilateral triangle formation,
called the RRAs. Each RRA is capable of extending axially when pressurized. The contact interactions between the
extending RRAs create 3D bending motion of the segments. (C) The end effector of the SPL is reconfigurable depending on
the end effector functional module required for the task. The entire body of the SPL can also be utilized as an end effector.
(D) The SPL can be operated by decoding the user’s intent through a variety of sensing modalities. In this work, we use a
joystick controller, SEMG sensor, and IMU sensor to demonstrate mobility control of the SPL in 3D space. 3CA, three-
chambered actuator; 3D, three-dimensional; IMU, inertial measurement unit; RRAs, ring-reinforced actuators; SEMG,
surface electromyography. Color images available online at www.liebertpub.com/soro

1.6kg. Additionally, the acceleration of locomotion is in-
creased, due to an increased ratio of force over mass.®*

Based on previous investigations with reinforced actua-
tors, we improve and optimize the soft actuator performance
accounting for input pressure and stiffness so as to achieve
higher payload capacity and better motion performance.’”-¢
We set the hyperelastic silicone material used in the devel-
opment of the SPL to a higher shore hardness of 30A com-
pared with previously developed actuators,?”->® producing an
overall stiffer limb, but capable of receiving higher pressure
when actuating and thus achieving higher torque generation.
Following the tapering angle of the limb, the wall thickness
of the actuators (Fig. 3B) are set at 7mm for the proximal
segment, 6 mm, and 5 mm for the actuators in the subsequent
segments. The decrease in thickness in conjunction with the
tapering ensures that stiffer segments closer to the limb base
are capable of supporting the weight of their neighboring
segments, while gradually reducing the weight and volu-
metric stiffness of the actuators.

To enable better adoption of the technology, the lightweight
SPL allows the user to customize esthetic and practical fea-
tures, such as color, and enables its segments to detach for ease
of carriage, cleaning, and maintenance. More importantly,
because of the SPL’s modular nature, the user can reconfigure
the end effector, swapping any type of functional module re-
quired to achieve a specific task (Fig. 2C). The SPL is not
limited to performing manipulation tasks with just variable end
effectors. It is also capable of utilizing its entire soft body to
grasp and carry objects larger in size and weight, something

that traditional rigid robotic arms are incapable of achieving.
Furthermore, mounting the SPL onto a comfortable back
frame system, weighing only 1.47 kg, makes the don and doff
process simple and similar to putting on a backpack. The back
frame system also provides the user with a variety of potential
mounting positions for one or multiple SPLs, as shown in
Figure 2A. This allows execution of tasks, which require the
SPL to reach different areas around the vicinity of the user,
expanding its operational space. Finally, at a higher control
level, user-intent detection methodologies are explored to
enable operation of the SPL. A variety of sensing modalities
are utilized, as shown in Figure 2D, from a joystick, to SEMG
electrodes, and IMU. Overall, the SPL system could offer a
vast range of features and configurations for the user, to enable
execution of diverse activities of daily living.

Soft actuator design and optimization

To optimize the bending and payload performance of the
SPL, a set of geometrical parameters, of both the RRA and
3CA, are modeled and studied. In Figure 3B, we introduce the
geometrical parameters of a single RRA. The ring diameter
and ring spacing are explored in detail to better understand
the influence of the ring reinforcements on the tapered ac-
tuators. In Figure 3C, we introduce the geometrical param-
eters of the 3CA bundle, where the spacing between the
actuators and the tapering angle are studied. Furthermore,
new quasistatic computational (FEM) models that utilize
the varying set of geometrical parameters are developed to
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FIG. 3. Fabrication process and geometrical parameters of the SPL. (A) Illustration of the fabrication steps required to
make the SPL: (i) Molding step of the single RRA using 3D printed molds. (ii) Manufactured thin plastic rings are inserted
along the length of the actuator to create a RRA and restrict radial expansion when pressurized. (iii) Three RRAs are casted
and angled into a mold to create the 3CA with bending abilities. (iv) Both ends of the 3CA are capped with a silicone cap
and modular connector pieces are attached to both ends of the 3CA. (v) Three different-sized 3CAs are connected together
to create the SPL. (B) Soft RRA with labeled geometrical parameters and design variables that alter its mechanical behavior
when pressurized. Material 1 is the material of the elastomeric body. Material 2 is the material of the reinforcement rings.
(C) Soft 3CA bundle with labeled geometrical parameters and design variables that affect the SPL’s mechanical behavior
when pressurized. Color images available online at www.liebertpub.com/soro

simulate the function of the RRAs, 3CAs, and the SPL. Prior
work on FEM models for single-chambered hyperelastic
actuators®”%>® have demonstrated their ability to provide
good visualization of deformations, stress—strain concentra-
tion locations, and insights about the actuator’s overall per-
formance in free space. However, minimal work is currently
observed for computational modeling of a bundle of re-
inforced elastomeric actuators and of a full soft-continuum
arm. In this work, we introduce new, experimentally vali-
dated, FEM models that provide a realistic nonlinear analysis
of the interacting bundles of hyperelastic RRAs under pres-
surization and loading conditions.

To optimize the performance of the soft SPL, we first in-
vestigate the effect of the number of the reinforcing rings
around the silicone elastomer actuator body of the RRAs. The
ring count on the surface area of the actuator is varied
(Fig. 4A) following:

[

" (D

n—=

where, n is the number of rings, / is the length of the actuator,
d, is the diameter of the ring cross-section, and x is the nor-
malized ring count ratio; the ratio of the number of rings n over
the maximum possible number of rings, with a diameter d, that
can fit an actuator of length, /. For example, an actuator with

/=160 mm, d, = 2 mm, and, x=0.5 yields to a ring count
of 40. From Figure 4A, it is observed that under the same
pressure conditions, increasing the ring count ratio from 0.125
to 0.375 results in an increase in the linear extension of the
RRA. However, for ring count ratios over 0.375, the extension
of the actuators demonstrates an opposite effect and decreases.
This nonlinear trend indicates that at a high ring count ratio, the
actuator might not be able to linearly extend at all, as the rings
occupy the large portion of its surface and restrict hyperelastic
stretch. Therefore, the ring count ratio used for calculating the
number of rings utilized in this study is 0.375.

The second set of FEM models investigates the optimal
thickness of the rings by varying their cross-sectional radius
from % mmto3 - % mm, as shown in Figure 4B. The results are
used to correlate the extension of the actuator as a function of
the pressure for each thickness variation showcasing that the
effect in extension due to ring thickness is minimal. By setting
an arbitrary number of rings (n=30), simulations with varied
thicknesses (from % to 3 ~%) are evaluated. We noticed that
there are no noticeable changes in extension between the dif-
ferent thicknesses, as shown in Figure 4B. The number of rings
(n) featured for this SPL setup is calculated using Equation 1,
with /=160 mm, d,= 2 mm, and x=0.375 mm, and re-
sulting number of rings n=30. With this resulting number of
rings, the overall weight of the rings with % and 3 - % is 11.26
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FIG. 4. Soft actuator design and optimization using computational FEM models. (A) Normalized extension versus
normalized ring count for single RRA. Actuators are all equally pressurized. Simulations indicate that the increase in the
number of rings improves the performance of an actuator only up to 0.375 ring count. (B) Normalized extension versus
normalized pressure graph for single RRAs with different ring thickness (d, is the cross-sectional diameter of the rings). (C)
Angle of bending versus taper ratio (¢,.;,), calculated in Equation 3. The graph shows five different simulated tapering
ratios, 0.25, 0.375, 0.5, 0.675, and 0.75 with equal pressure. The taper 0.5 ratio demonstrates the highest bending angle. (D)
Normalized bending angle versus normalized pressure of the 3CA with varying spacing between RRAs. Results indicate
that larger spacing between actuators can generate larger bending angles with less pressurization. The black arrows signify
the spacing in between the actuators. The 3-s, 6-s, and 9-s are the sizes of the spacing. FEM, finite element method. Color
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and 11.72 g, respectively. Therefore, a ring set with cross-
sectional diameter of % =1 mm is chosen to reduce the
overall manufacturing time and weight.

In the third FEM model, to maximize the bending angle of
the 3CA segments in free space, we pressurized two adjacent
actuators at the same pressure, to generate bending in the
opposite direction (Supplementary Movie S2). In Figure 4C
and D, the taper ratio and the effect of the spacing between
the actuators in a 3CA configuration are explored. The ta-
pering ratio of the SPL can be calculated as:

ddistal

2

Lratio =
dproximal

where, t,4i, 1S the tapering ratio, dgigq i the distal end di-
ameter of the single actuator of the smallest segment, and
dproximal 18 the proximal end diameter of the single actuator of
the largest segment. To understand and obtain the optimum
tapering ratio for the actuators of the 3CA, the base and top
diameter of the single segment are varied under constant

pressure, as shown in Figure 4C. Five different SPL tapering
ratios are explored, illustrating that when the tapering ratio
increases from 0.25 to 0.5, the maximum bending angle
performance improves. However, any further increase in ta-
pering ratio above 0.5 shows a decrease in the maximum
bending angle. Therefore, to achieve a maximum bending
angle in our 3CA, a 0.5 tapering ratio is required.

In the final fourth set of FEM simulations, the spacing, s,
between the RRAs in the 3CA formation is varied to examine
how this parameter affects the bending angle performance
(Fig. 4D). The spacing is varied from 3 -s mmto 9 - s mm,
while the tapering ratio is maintained at 0.5. Figure 4C, shows
that the 3CA with the RRAs spaced further apart from one
another, demonstrates a higher bending angle under same
pressure. We determined that the further the RRAs are spaced
apart in an equilateral triangle formation, the thicker the inner
silicone core of the 3CAs will become, that is, more spacing
between actuators results in more material to fill the core
(gap). This thicker core provides a stiffer, yet flexible, in-
extensible layer in the center of the 3CA. As a result, the 3CA
is less likely to extend axially, as more of the pressurization
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work is directed in a pure bending motion. Some drawbacks
of this are the loss of the linear extension, the increase in
weight and bulk, and the loss of compactness of the 3CA
bundle, which is critical for ensuring that the weight of the
SPL does not generate unstable motion. With the above ob-
servations in mind, the 3 - s mm spacing is chosen for all
three segments of the SPL, which sacrifices some of the
bending ability at low pressures in favor of being compact
and thus less prone to torsion when loaded.

Fatigue testing of ring reinforced actuators

A fatigue test is conducted to compare the operational
lifetime of FRAs*7"®! and our newly designed RRAs. An
identical test setup for both types of actuators, that is, the
FRA and the new RRA, is used, where the actuators are
cyclically pressurized to a safe operating pressure from O to
206.8 kPa. Two sets of each type of actuator with identical
geometrical parameters and material properties are tested
until a large deviation in pressure is detected in each one of
them, which would indicate failure, as depicted in Supple-
mentary Figure S3. The experimental results indicate that the
FRAs have an average failure occurrence around 130,000
cycles, whereas the RRAs over 1,100,000 cycles. Failure in
FRAs is observed at the intersection of the silicone elastomer
body and the thin fiber reinforcements. The higher stress
concentrations cause the fibers to slowly cut through the
silicone when pressurized. This study indicates that the new
RRAs have a greater operational life expectancy when
compared with the FRAs. The reason for the increased life of
RRAs is attributed to the larger, curved contact surface area
the ring reinforcement offers, which reduces stress concen-
trations at the intersection of the silicone body of the actuator
and the reinforcements, which is, the rings.

SPL payload capacity

To analyze the load bearing, or payload, capabilities of the
SPL, two experiments are performed with the SPL positioned at
a configuration that requires maximum torque to be exerted,
fully extended and parallel to the ground with gravitational
forces acting orthogonal to the SPL. The following experiments
showcase for the first time a demonstration of a soft continuum
arm mounted on a user, capable of operating by counteracting
gravity in the horizontal plane. In particular, in the first exper-
iment, the SPL’s distal end is placed under the load cell of a
UTM as shown in Supplementary Figure S4A. The bottom two
of the three RRAs are pressurized for all segments until the limb
demonstrated signs of torsion. It is noticed that the limb ex-
hibited an average payload capacity of 9.43N at a length of
0.55 m, that is, the maximum reach of the SPL. This is com-
parable to carrying a weight of almost 1kg. In the second ex-
periment, loads at 0.05kg increments are placed at the end
effector location of the SPL and lifted vertically to a position
parallel to the ground, as shown in Supplementary Figure S4B
and Supplementary Movie S3. The maximum effective payload
with a suction cup acting as the end effector is experimentally
determined to be 0.3 kg. The individual chamber pressure val-
ues of the 3CAs attributed to lifting the set of loads. We de-
termined that during the first payload experiment the SPL’s end
effector position is constrained to move in a single plane, ex-
erting force only upward. In contrast, during the second payload
experiment the SPL is required to lift the weight in an uncon-
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strained motion. The latter spatial motion is affected by the
weight imposed on the SPL as it introduced torsional forces,
which twisted the SPL’s center axis creating instabilities.

To further verify the effective payload capacity of the SPL,
a setup is developed where a joystick controller enables the
user to pick, move, and place the loads into a rectangular box
(0.11x0.13x0.55 m) positioned 0.95 m away. The results of
this experiment demonstrated that the SPL is able to transfer
successfully up to 0.35kg of load from one location to the
other (Supplementary Movie S3). Similar to the static ex-
periments, this dynamic test also presented some unwanted
torsion along the length of the SPL when carrying loads
above 0.3kg. However, the tasks are still able to be com-
pleted, but with some noticeable motion oscillations.

Theoretical and experimental validation
of soft components

To compare the FEM model results with the experimental
performance of the RRA, a linear actuator extension inves-
tigation is performed. The evaluation platform, Figure 5D, is
utilized to obtain the physical extension of the actuator in
quasistatic conditions. Passive reflective markers are attached
to the distal and proximal ends of the RRA and its position is
recorded with the aid of motion capture cameras, while the
pneumatic pressure is increased in small increments. The
RRA’s proximal end with the wider diameter is securely
mounted using a rigid fixture, facing upward in the reverse
direction of the influence of gravity, similar to the FEM
simulations, as shown in Figure 5B and Supplementary Mo-
vie S2. The RRA is inflated to a pressure of 206.8 kPa, while
its linear extension is recorded and averaged for five different
trials. Both experimental and FEM model data demonstrated
similar linear extension with a maximum displacement error
of 0.54% at the distal end of the actuator, and an root mean
square (RMS) error on the entire extension of 5.1 mm.

An experiment to find the bending motion trajectory of a
single 3CA bundle is also conducted (Fig. SA and Supple-
mentary Movie S2). A set of passive reflective markers are
placed at the center of the distal end of the actuator as well as its
proximal end, while the motion capture system is used to track
the position of the markers in space. Two of the three RRAs that
comprise the 3CA are pressurized at a constant quasistatic rate
from O to 344.7 kPa. The distal position of the 3CA obtained
both through the FEM simulation and the experimental data is
compared, resulting in an RMS error of 2.7 mm and maximum
pressure error of 4.98%. The close match of the trajectories
demonstrated that the FEM model could be utilized as a good
predictor of the complex motion of the 3CA.

Finally, to investigate the ability of the FEM model to
predict the nonlinear motion behavior of the entire SPL,
complex limb poses are experimentally generated and re-
corded using motion capture coordinate data points. The
obtained results are compared between the FEM model and
the multisegment forward kinematic model we develo]ged,
based on the piecewise constant curvature principle’'°7-®
(Supplementary Data; Supplementary Fig. S5). To obtain the
experimental results, the limb is attached on a back frame and
worn by a mannequin, so that the SPL projects forward from
the mannequin’s hip. Four sets of three markers are placed
along the length of the SPL at each interconnecting segment
section. Each group of markers is linked geometrically to
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create virtual rigid bodies at the center of each segment. In
one such arbitrary pose (Fig. 5C), the SPL as shown in
Figure 2B, is pressurized at chamber 2 and 3 of the first
segment to 345 kPa, chamber 5 and 6 of the second segment
to 86 and 345 kPa, respectively, and chamber 9 of the end
segment to 59kPa. The captured SPL pose is shown in
Figure 5C and Supplementary Movie S2, demonstrating that
the experimental motion capture coordinates, computational
FEM model results, and the forward kinematic model data
(Supplementary Fig. S5), all are in good agreement. The
experimental Euclidean displacement error is found to be
63.3 and 25.8 mm, when compared with the FEM model data
and forward kinematic model data, respectively.

In retrospect, for the SPL with an initial, unpressurized
length of 0.55 m, a maximum of 11.45% displacement error
for the FEM model data, and 4.69% displacement error for the
forward kinematic model data are observed. In another arbi-
trary pose (Supplementary Fig. S6), the SPL is pressurized at
the bottom right chamber of the first segment to 345 kPa, the
bottom left chamber of the first segment to 86 kPa, the bottom
right chamber of the second segment to 86 kPa, the bottom left
chamber of the second segment to 345 kPa, and the bottom
right chamber of the last segment to 59 kPa. The calculated
Euclidean displacement error is 18.89 and 49.12 mm, when
compared with the FEM model data and the forward kine-
matic model data, respectively. This is in close agreement
with our previously presented pose in Figure 5C.

SPL workspace

To evaluate the capability of the SPL to articulate about its
mounted base, a workspace assessment experiment is per-
formed. The soft limb is mounted on a back frame and worn by a
human mannequin standing vertically. Using an analog joystick
as the user intent control system (Fig. 2D), the SPL is manip-
ulated to 25 predetermined locations in 3D space, which cov-
ered the observed reachable workspace of the limb. A motion
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capture system is used to record the position of the SPL at each
of the interconnecting points of each segment. The workspace
illustrated in Figure 6B and C, is shown in the top and front
view, as obtained after the linear extrapolation of the collected
25 location points. From the workspace test, the measured
workspace volume is calculated to be ~0.08 m®. The maxi-
mum reach, horizontal range, and vertical range of the SPL are
0.55, 0.69, and 0.72m, respectively. Figure 6A and Supple-
mentary Movie S4, show the motion of the SPL as it goes
through the workspace test. It is noticed that the workspace’s
virtual boundaries are constrained to allow the SPL to traverse
closely around the user’s body without coming in contact during
its traveling path, as shown in Supplementary Movie S5.

User-intent detection

We demonstrate user control of the SPL through three user-
intent detection modalities, namely an analog joystick, an
IMU, and a SEMG sensor. User-desired motion of the SPL is
captured and processed by a 5 x 5 discretized motion controller
(Fig. 7A). The 5x5 matrix represents the 25 reachable end
effector locations in space within the workspace of the SPL.
Each output location within the motion controller indicates a
set of bounds for the desired intent-sensed positions. There-
fore, any user-desired goal location that falls within these
bounds will automatically register the limb to one of the 25
predefined locations.

User-intent detection using the joystick sensing setup is
achieved through tracking the change in position of its three
degrees of freedom: planar motion on the XY plane and ro-
tation around Z (twist). Desired SPL end effector position is
achieved through joystick movement along its X and Y axes.
Figure 7B demonstrates an experiment, in which the joystick
position is correlated to the end effector positions. A motion
capture system is used to record the position of a passive re-
flective marker placed on the distal end of the SPL, while the
position of the joystick is tracked. The observed square-shaped
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FIG. 6. Workspace of the SPL. (A) The SPL traversing through its maximum workspace around the user when mounted at
the waist. (B) Side view of the workspace of the SPL. The vertical range of the SPL is 0.72m. (C) Front view of the
workspace of the SPL. The horizontal range of the SPL is 0.69 m and the maximum reach is 0.55 m. Color images available

online at www.liebertpub.com/soro


http://www.liebertpub.com/soro

A System Control Flow Diagram = =
Intent Desired Positions |
N
> [AF N Single
User | Intent desired positions | Motion " Output
Intent Controller Position
t Single
L — 1 L ,
: Posmon
SPL e Solenoid | Pressure
i Valves |~ Regulators

5x5 Discretized Motion Controller /

B Joystick Control 0° IMU Control

. 1.300°
270° °
i
' 7240°
210
80

----nJoyshck Position

==IMU Position
—SPL End-Effector Position

sEMG Control

—EMG 1 —EMG 2 0°
! G e O
: % Yo
EMG 1' EMGZ i = 0.75 N :
I > N2
kel
g 0.5f
: g
I (1~ 5 0.25
= EMG 1: Set Pressurization 3 =
EMG 2: Set Direction _—
= = =Threshold 1 (T1) 18 20 -
= = =Threshold 2 (T2) TIITIe (s) &

FIG. 7. User-intent detection and control. (A) High and low-level control flow diagram of the SPL. User intent is
estimated using one of the following sensing modalities: joystick, IMU, or sEMG. User-desired position of the end effector
is determined by a discretized motion controller which correlates the position of the sensor with a preset SPL pressure
values obtained by a 5x5 table. Any intent-sensed position will place the controller within one of the 25 predefined
positions the SP can reach. The SPL is pneumatically pressurized using a closed-loop, low-level controller that regulates the
solenoid valves utilizing pressure sensors feedback. (B) User-intent detection and control through analog joystick. The
position of the joystick (blue line) is compared with the position of the SPL end effector (red line). The observed square
path of the joystick is due to its rudimentary, two-axes design. The joystick, however, does produce the intended circular
motion of the SPL. (C) User-intent detection and control through IMU mounted on the dorsal side of a glove. The observed
IMU position is tracked (dotted green line) and compared with the SPL motion (red solid line). (D) (Left) User-intent
detection and control through SEMG sensors on both biceps brachii muscles. EMG 1 controls pressurization of SPL and
EMBG 2 controls direction of gross motion. (1) EMG 1 output between T1 and T1 pressurizes the SPL to half of its maximum
pressure in the set direction of motion. (2) EMG 1 output above T1 pressurizes the SPL to its maximum pressure in the set
direction of motion. EMG 1 output below T1 depressurizes the SPL. (3) EMG 2 output above T2 sets the SPL direction of
motion 45° counterclockwise in the coronal plane (looking at the user). (4) A second EMG 2 output above T1 adds another
45° counterclockwise, that is, to a direction of 90°. Direction can be set in 45° increments around the entire 360° of motion.
(Right) An example SPL motion is shown: (i) An EMG 2 activation above T2 sets the uninflated SPL’s direction of motion
along the 45° plane. (ii) An EMG 1 activation between T1 and T2 pressurizes the SPL to half of its maximum pressure in the
45° direction. (iii) An increased EMG 1 output above T2 pressurizes the SPL to its maximum pressure in the 45° direction,
and held in position while EMG 1>T2. The release of EMG 1 below T1 depressurizes the SPL to its initial, deflated position.
Color images available online at www.liebertpub.com/soro
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joystick position pattern is a result of its elementary, two-axes
design. Nevertheless, the joystick successfully articulated the
end effector to user-desired positions (Supplementary Movie
S5). In addition to gross limb motion, twisting the joystick
about the Z axis enables fine motion adjustment of individual
segments (Supplementary Movie S5).

User-intent detection using an IMU sensor, mounted on the
dorsal side of a glove, is estimated from the change in pitch and
yaw rotational angles, in addition to tactile buttons. Intent-
sensed position of the SPL is directly derived from the pitch
and yaw angles as these change, while the user rotates their
hand toward the desired SPL direction of motion. An experi-
ment is performed to correlate the position measured by
the IMU to the position of the SPL’s end effector (Fig. 7C). The
position of a passive reflective marker on the distal end of the
SPL is recorded using motion capture cameras, while the po-
sition of the IMU is also recorded as the user moves their hand
in free space. During this tracking experiment, a circular mo-
tion of the user’s hand, thus of the IMU, resulted in the end
effector of the SPL following a similar circular motion (Sup-
plementary Movie S5). Individual segment selection for finer
control of the limb is achieved by pressing at two tactile buttons
located on the side of the glove near the first metacarpopha-
langeal joint of the thumb (Supplementary Movie S5).

User-intent detection using a SEMG sensing setup is
measured from the change in myoelectric impulses obtained
by two sEMG sensors, each placed on one bicep brachii
muscle, as shown in Supplementary Movie S5. Pressurization
of the SPL is accomplished by the first SEMG sensor (EMG 1),
whereas direction of the SPL motion is defined by the sec-
ond sEMG sensor (EMG 2), as shown in Figure 7D. Desired
limb movement is set by the amplitude of myoelectric sig-
nals in relation to two threshold values (T1 and T2), as
shown in Figure 7D. When the EMG 1 signal is maintained
between T1 and T2 (Fig. 7D(1)), the SPL is pressurized to
half its maximum capacity in the defined direction. When the
signal is maintained above T2 (Fig. 7D(2)), the SPL is pres-
surized to its maximum capacity in the defined direction. An
EMG 1 signal below T1 depressurizes the SPL entirely. In
parallel to EMG 1 signal, the amplitude of the EMG 2 signal is
also monitored. When the EMG 2 signal momentarily ex-
ceeds T2 (Fig. 7D(3)), the SPL increments by 45° to a new
direction angle following a counterclockwise motion in the
coronal plane (facing the user). Figure 7D(4) illustrates the
second successive activation causing the SPL to define a di-
rection at 90°.

SPL interaction experiments

To further investigate the user controllability, the effective
limb payload, and the versatility of the modular SPL, a vacuum
suction cup manipulator unit, with a theoretical holding load of
0.86 kg, is used as the limb’s end effector. The suction cup is
connected to a vacuum pump, which facilitated depressuriza-
tion rates of 1.42x 107> m®/s. The experiment is designed for
the user to operate the SPL with the use of a manual joystick
controller to grasp an object placed inside of a cup with radius
and height of 0.032 and 0.11 m, respectively. Subsequently, the
object is transferred with the SPL across the table along a
distance of 0.95m, and finally placed into a rectangular box
(0.11x0.13x0.55 m). The combined task of actuating the SPL
using the manual user-intent detection and suction manipula-
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tion is successfully performed for a variety of daily living
objects, including a fork (0.015kg), a cup (0.13kg), an apple
(0.15kg), and a banana (0.18 kg) as shown in Figure 8A and
more extensively in Supplementary Movie S6.

One key advantage of a soft continuum-type manipulator,
like the SPL, is its ability to perform whole-arm grasping,
similar to an elephant’s trunk. Whole-arm grasping means the
limb can configure its entire body to wrap and grasp a wide
range of objects of different sizes and shapes. Using the limb’s
inherent compliance, the SPL is able to perform underactuated
grasping by exploiting continuum contacts, resulting in a form
of manipulation that is more robust to external disturbances.
With pressurization of the SPL’s segments to a maximum
curvature angle of 192.3°, three different weighted objects with
dissimilar material texture, shapes, and sizes are grasped, that
is, a soccer ball weighing 0.43 kg, a box weighing 0.83 kg, and
a backpack weighing 1.04kg, as shown in Figure 8B and
Supplementary Movie S7. Itis noted that the SPL’s suction end
effector would not be able to carry these objects due to their
volume, size, and weight. The whole-body grasping strategy
succeeds by applying forces to the object around its entire
perimeter and pushing it against the body of the user. By doing
so, the SPL is found to be capable of holding weights up to
around 3.8 kg, increasing its payload capacity by 1158% in
comparison to the suction cup end effector. This experiment
also demonstrated that the SPL could carry weights up to 2.35
times its own weight.

Another set of experiments demonstrated the SPL’s ability
to allow users to perform multiple tasks in parallel by operating
the limb. In one scenario, a user carrying a box with both arms
is required to also use a swipe card to unlock a door. In a first
execution approach of this scenario, the user holds onto the box
with their arms, while assigning the card swiping task to the
SPL. After swiping the card and unlocking the door, the SPL
returns the card to the user before pushing the door open. In
another execution approach of the same task, the user holds the
box with the SPL utilizing the whole-body grasping strategy,
leaving their hands free to activate the swipe access and open
the door. These scenarios are depicted in Supplementary Mo-
vie S8. Furthermore, the SPL’s potential to support a user with
visual impairments is demonstrated by tasking the SPL to
swing a walking cane and tap the floor to provide echolocation
feedback, as shown in Supplementary Movie S8.

In a final evaluation experiment, the variable mounting
placements of the SPL on the back frame and its ability to
modify its operating range of the limb are demonstrated. De-
pending on the assistance the user requires with a task, we
explored the performance of the SPL when it is mounted close
to the shoulder joint. For this experiment, the SPL is fixed
0.45m above the user’s waist, with the end effector pointed
upward in its natural resting position. This allowed the limb’s
workspace zone to translate from around user’s right chest to
around and above the head. An example use case is shown in
Figure 8C, where the SPL is assisting with holding an umbrella,
hands free. As shown in Supplementary Movie S9, the SPL is
able to take a hat off of the mannequin’s head and then subtly
place it back. In Supplementary Movie S9, multitasking as-
sistance is achieved with the SPL reaching for an object on a
shelf above the user’s head, while the same user performs an-
other task. This demonstration allows us to look ahead and
experiment with the SPL’s capabilities when placed at different
body positions, as well as provides insights that can eventually
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FIG. 8. Diverse grasping

strategies with the SPL are
available to the users. (A) Ser-
ies of frames captured showing
the SPL picking up a cup,
weighing 0.13 kg, and placing
it into a box. (B) Side view of
the SPL performing the whole-
arm grasping strategy with a
ball (0.43kg), a box (0.83kg),
and a bag (1.04kg). (C) SPL
performing overhead manipu-
lations holding an umbrella

(0.25kg). Color images avail-

allow us to develop multi-SPL systems, that is, a system of
more than one SPL on the same user.

Conclusion and Future Work

This article presented the design, computational analysis,
development, and evaluation of the SPL. The vision of this
work was geared toward assisting healthy and impaired indi-
viduals by offering additional soft robotic limbs, which can be
mounted on the user’s body to assist with activities of daily
living and work-related tasks. Toward this goal, we developed a
new highly articulated robotic limb, mounted on a user, capable
of operating horizontally against gravity, which offers: con-
tinuum and compliant motion, a configurable design, as well as
fits into the user adoption criteria, namely being personalizable,
lightweight, safe, modular, and easy to don and doff.+**

In particular, we introduced the design considerations and
multistep fabrication process of the soft components that
comprise the SPL, including the novel RRAs, which were
bundled together to create the 3CA. To optimize their design
we identified and introduced a set of parameters, which affect
the mechanical performance of the soft components, as well as
the SPL’s behavior and flexibility. Quasistatic computational
and kinematic models were created and utilized throughout the
study, to simulate the function of the RRAs, 3CAs, and the
entire SPL, with the variance of selected geometrical param-
eters. These parameters allowed for an optimized design of the

able online at www.liebertpub
.cOm/soro

limb, focusing on maximum bending ability, compactness, and
payload. The accuracy of the computational and forward ki-
nematic models was also experimentally validated, to provide
design guidelines that the soft robotics community can utilize
to create scalable and modular SPLs. Furthermore, a fatigue
test was performed on the FRAs and the newly introduced
RRA:s, to explicitly consider the failure modes after long pe-
riods of operation, thus demonstrating the robustness of oper-
ation for the RRAs.

The SPL design took into consideration, the effect of the
weight of the multidistal, 3CA segments, by varying the ta-
pering angle of the limb to reduce the weight at each segment
and by increasing the robustness of the SPL’s components to
hold higher pressures. This successful implementation of the
SPL, lead to the development of highly compact, compliant,
robotic limb with a high payload-to-weight ratio. We dem-
onstrated the SPL’s ability to maneuver in space with a series
of payload and pick-and-place experiments, with different
daily objects. Although the static end effector payload of the
SPL was ~0.96kg, its effective end effector payload was
limited to around 0.3 kg, by the effects of torsion observed in
the soft limb when operating in free space. Employing the
whole-body grasping strategy where the SPL wraps around
the object it is manipulating, enabled lifting loads 2.35 times
greater than its own body weight, measured at 1.6 kg.

We provide a scalable design framework and computational
models to choose the parameters based on the application at


http://www.liebertpub.com/soro
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hand, range of motion, and payload capability. To improve the
payload capacity of the SPL one can alter the overall stiffness
of the SPL, while still allowing compliance in bending motion.
This can be achieved by increasing the material stiffness
(material properties) of the SPL and/or the amount of fluidic
pressure provided, and/or thickness of the actuator’s chamber
walls. Another approach would be to scale up the form factor
of the SPL. This would however increase the actuation pres-
sure and most likely the weight of the arm in favor of lifting
heavier objects, for example, the case for industrial applica-
tions where heavier loads are manipulated.

As previously mentioned, the torsional effects observed
when carrying loads against gravity reduce the effective end
effector payload of the SPL. This occurs when the SPL is
loaded and therefore tends to rotate about its main, center axis.
To reduce this, we have looked into added restraining com-
ponents to the central core of each segment. The trade-off of
these restraints is that they reduce the bending range of motion
of each segment. Thus, one needs to consider the trade-offs
between achieving high payloads and wide range of motion.

Additionally, the SPL was capable of maneuvering within a
large configuration space that enabled safe interaction with the
user and its environment. The modular design of the SPL al-
lowed interchangeable segments for customization or swapping
in case of failure. It also enabled interchangeable end effectors,
such as a suction cup, soft grasper, or a custom-made tool
holder. Furthermore, we demonstrated that the lightweight
backpack frame allowed for potential SPL mounting place-
ments on the user’s body, providing access to various work-
spaces and assisting with different tasks. In this work, the SPL
was used in two separate positions. The first position was at the
waist level of the user; this was so that the arm was mounted
closer to the center of the mass of the user. Additionally, this
position was chosen so that the SPL could access space in front
of the wearer, which is the typical space where activities of daily
living tasks are performed. This position also allows the SPL to
interact in cooperation with the user without getting in the way
of the biological limbs. The second position was over the right
shoulder of the user, and this was tested to provide insight into
the difference in mounting locations and demonstrate over the
head of the wear manipulation. In the future, further efforts will
be made to explore the workspaces of multimounting positions
and the idea of many interacting SPLs on one user.

The potential of performing multitasking assistance was
explored in various test scenarios, such as opening a door
when the user had their hands full, or picking an object from a
shelf while performing another task. These demonstrations
illustrated the SPL’s capability of successfully carrying out
different daily living tasks. However, these complex exper-
iments were performed with the help of an external user
controlling the SPL. Future work will further seek to im-
prove, and possibly integrate, one or more hands-free forms
of user-intent detection to support SPL multitasking assis-
tance with the volition of the user.

We also explored various forms of user-intent detection
(joystick, IMU, and SEMG sensors), to control the SPL with
the user’s volition. In particular, a discretized control meth-
odology enabled the user-intent signals to successfully be
mapped into real-world coordinates that operate the SPL
within its workspace. In addition, to achieve fine regulation
of the SPL’s motion, the user was able to further control each
segment individually. The current limitation of using the
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joystick and IMU-sensing approaches was that it required the
use of at least one hand. On the contrary, the SEMG approach,
offered a hands-free controlling of the limb, but requires
further exploration to enable control of individual segments.

One major limitation of the SPL on real-world viability is
the fact that the system is currently tethered. Focusing on this,
we plan to explore a decentralized and distributed onboard
actuation system and power supply, while investigating soft
sensing technologies that can be embedded at each segment.
This approach will allow us to measure the curvature and
pose of the SPL in real-time without the indoor restriction
imposed from a motion capture system.

Finally, we will look into solving the dynamic instabilities
observed through preliminary evaluations, when the SPL’s
acceleration is fast or repetitive in nature. The inertia produced
by the many passively following segments of the SPL lead to
significant oscillations and therefore need to be modeled to
offer more stable motion profiles. We plan to explore the
control of the SPL using distributed sensing and control tech-
niques to allow the SPL to generate its own continuum motion
rules to achieve a task.® Overall, we are firm believers that this
work will provide the gateway to the development of a series of
wearable, soft, and lightweight poly-limbs that can interact and
assist the healthy, as well as the impaired, with versatile tasks at
work environments and activities of daily living.
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