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Abstract: Soft continuum robots, characterized by their dexterous and compliant nature, often
face limitations due to buckling under small loads. This study explores the enhancement of axial
performance in soft robots intrinsically actuated with extensile fluidic artificial muscles (EFAMs)
through the incorporation of bio-inspired radial supports, or ossicles. By conducting quasi-static force
response experiments under varying pressure conditions (103.4-517.1kPa), and a modified Euler
column buckling model, we demonstrate that ossicles significantly increase the robots’ resistance to
buckling, thereby extending their application scope in payload-carrying tasks. These findings not
only underscore the effectiveness of ossicle reinforcement in improving structural robustness but also
pave the way for future research to optimize soft robot design for enhanced performance.

Keywords: soft robot; continuum robot; soft actuator; artificial muscle; pneumatic artificial muscles;
bio-inspiration; ossicles

1. Introduction

Recent advancements in robotics and material science have catalyzed the emergence
of soft robots, capable of operation outside the confines of structured environments such as
labs and factories [1]. These robots, crafted from materials with a Young’s modulus below
107 Pa [2], are designed to emulate the adaptability and safety of biological counterparts,
promising applications in diverse areas from autonomous exploration to minimally invasive
surgery. However, their inherent softness, while advantageous for compliance and safety,
often results in a significant drawback: a tendency to buckle under modest loads, limiting
their functional utility in tasks demanding substantial actuation forces.

Continuum soft robots, which blend the attributes of soft robotics with the versatility of
hyper-redundant systems [3], typically employ extensile fluidic artificial muscles (EFAMs)
to achieve a broad range of motion. These EFAM-driven systems, exemplified in various
configurations and applications [4-7], demonstrate the potential for significant functional
versatility. These EFAM-driven robots leverage multiple interconnected EFAMs to achieve
complex, continuous bending motions, adjusting to new equilibrium states upon actuation
(see Figure 1). This study explores the potential of enhancing the structural integrity
and actuation capacity of EFAM-actuated continuum soft robots through bio-inspired
skeletal reinforcements.

The early development of continuum robots utilizing fluidic artificial muscles (FAMs)
was marked by the creation of a manipulator capable of rotating substantial loads using a
combination of contractile and extensile muscles [8]. This innovation paved the way for
the OctArms series and other EFAM-driven continuum manipulators, which were vali-
dated through extensive research [5,9-11]. Further advancements saw the use of EFAMs
in modulating the stiffness of continuum robots, offering a means to adjust their rigidity
independently of muscle contraction [12]. Explorations into single-EFAM applications
demonstrated their potential to produce complex motions such as bending and twisting
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thereby contributing to the versatility of continuum soft robots [13]. However, the inherent
flexibility that grants these robots their unique capabilities also introduces a critical chal-
lenge: their tendency to buckle under minor loads. This mechanical limitation hampers the
effective force transmission and, by extension, the payload capacity, of such systems, which
highlights the need for improved understanding of, and innovation in, soft robotic design.

B c D
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Figure 1. (A-D) Diagram of a continuum soft robot constructed from end plates (1); extensile
fluidic artificial muscles (2); and radial supports (ossicles) (3): (A) deflated; (B) equally pressurized;
(C) differentially pressurized; (D) differentially pressurized (prototype).

To increase the payload capability of continuum soft robots, we drew inspiration
from brittle stars, specifically their ossicle-reinforced appendages that are known for their
flexibility and strength [14]. This biomimicry informs the development of robots with
similar kinematic properties, integrating skeletal elements to bolster performance with-
out compromising flexibility. Our approach builds upon an EFAM-driven manipulator,
incorporating radial ossicle-like supports to fortify the structure without stiffening it, thus
maintaining the inherent advantages of soft robotics (see Figure 1A-D).

This concept of ossicle-inspired reinforcement was empirically validated in [15], where
a multi-segment arm with radial supports demonstrated a significantly expanded opera-
tional range. Unlike previous models that used an exoskeleton with fixed-length section,
our design employs a series of disconnected ossicles, accommodating the expansive stroke
of EFAMs and enhancing robot adaptability.

Parallel research by [16,17] on CFAM-driven systems with radial supports underscored
the benefits of such reinforcements in increasing lateral stiffness and resistance to buckling.
Other researchers adopted a similar approach, using constraining plates to enhance tor-
sional stiffness and reduce shape deviations, also addressing lateral buckling issues [18,19].
Although these studies did not directly draw from brittle star ossicles, their underlying
principles resonate with our approach, suggesting a broader applicability of ossicle-like
structures in soft robotics, including alternative actuator types like hydro muscles and
rPAMs [20,21].

Complementary investigations into the buckling behaviors of contractile muscles
by [22,23] further contextualize our study within the broader discourse on enhancing soft
robot resilience and performance through strategic reinforcement.

While previous studies have successfully employed constraining plates to improve
torsional stiffness and mitigate shape deviations in soft robots, there remains a notable
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gap in exploring the integration of bio-inspired ossicle reinforcements for enhancing load-
bearing capacity and structural resilience without compromising the inherent flexibility
of EFAM-driven continuum soft robots. This study aims to fill this gap by investigating
the effectiveness of ossicle-like supports in extending the functional capabilities and the
application range of these robots.

Despite ossicle reinforcement being recognized for its potential to vary lateral and
torsional stiffness, enhance buckling capacity, and maintain structural integrity in soft
robots, much of this knowledge remains unquantified in engineering practice. This gap
underscores the need for a systematic investigation into the quantitative impacts of ossicle
integration on the payload capacity, structural stiffness, and the actuation efficiency of
EFAM-driven continuum soft robots. Our study is dedicated to bridging this gap by
providing empirical evidence and a deeper understanding of how ossicle reinforcements
can optimize soft robotic performance. How do ossicle reinforcements quantitatively
affect the payload capacity, structural stiffness, and actuation efficiency of EFAM-driven
continuum soft robots?

Our study examined the effect of ossicle reinforcement on the axial behavior of EFAM-
driven soft robots through experiments that yielded force-displacement curves across a
pressure range of 103.4-517.1 kPa, identifying buckling conditions. These data informed
a model correlating ossicle quantity with buckling resistance, providing insights into the
reinforcement’s impact on robot performance. The study provides a foundation for design-
ing more robust and adaptable ossicle-reinforced soft robots, broadening their applicability
in payload-carrying applications.

Initial Observations

The study was also motivated with initial observations in pictographic data that we
found worth sharing. We collected for an EFAM continuum soft robot in bending. Figure 2
presents four robot configurations, each reinforced with an increasing number of ossicles
and subjected to progressively higher payloads.

In these tests, a robot configured with three EFAMs and varying numbers of ossicles
demonstrated significant variations in the bending and payload capacity. Each EFAM, with
a resting length of 11.59 cm and an outer diameter of 2.87 cm, was positioned 7.42 cm from
the center, contributing to a base weight of 129 g for the robot’s main structure. Additional
weight came from the 3D-printed ABS ossicles, each adding 33.45 g. Two muscles on the
left were pressurized to 551.6 kPa (80 psi) and the muscle on the right was pressurized to
34.5kPa (5 psi).

Initial observations revealed that, without ossicles, the robot could support an alu-
minum end plate with a mass of 401.77 g; however, the robot exhibited a near-collapse
curvature even under this minimal load. Conversely, with seven ossicles, the robot main-
tained a more uniform curvature and resisted buckling, even under a significantly higher
payload of 2794.1 g, a more than seven-fold increase compared to its own mass. These
findings, detailed further with various pressure and payload configurations in the appendix
(Figures A1-A4), underscored the ossicles’ critical role in increasing the robot’s load-bearing
capabilities, prompting a deeper examination of their effect in axial scenarios.
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Figure 2. Radial supports (i.e., ossicles) enhance the payload capacity of a continuum soft robot.
(A-D) Robot carrying an aluminum end plate (401.8 g) with varying ossicle reinforcements (0, 1, 3,
and 7, respectively). (E-H) The robot, reinforced with ossicles, bearing a heavier payload (2794.1 g).
The two left muscles were pressurized at 80 psi (552 kPa), and the right muscle at 5 psi (34 kPa).

2. Materials and Methods

The length and stiffness of an EFAM vary with applied internal pressure, influencing
its movement and bending capabilities. While the standard operation primarily involves
bending, the robot’s axial response was examined under uniform muscle pressurization
levels. This axial testing aimed to offer insights into behaviors targeted for more com-
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plex bending scenarios in future studies. Analysis of the axial force response yielded
crucial parameters such as blocked forces, free extensions, dead-band pressures, and struc-
tural stiffness, utilizing methods adapted from prior research on fluidic artificial muscles
(FAMSs) [24]. Additionally, the impact of the number of ossicles on axial performance was
investigated through repeated experiments with varying ossicle counts. This evaluation
involved testing five configurations, progressively reducing the number of ossicles down to
three to avoid low buckling limits. The axial performance assessment utilized a quasi-static
force-response testing procedure conducted with a Material Testing System (MTS), follow-
ing methodologies established in contractile-FAM force response testing [24]. Buckling was
observed in each experiment except for the 7-ossicle continuum soft robot configuration.

2.1. Materials

The continuum robot segment was assembled from three EFAMs and two rigid end
plates. The three EFAMs were manufactured in-house: resting length and diameter of
Lyest = 17.02 cm and D, = 2.87 cm; resting braid angle of 8,5 = 12.5° (measured from the
muscle lateral cross-section). The end fittings were manufactured with a swaging process
described in [25]. EFAM performance was quantified with a blocked force of 280 N and
98% stroke at maximum testing internal pressure of 75 psi. The design and manufacturing
processes of EFAMs closely resembled those of contractile FAMs (CFAMs) [25], and were
further described in [26]. More data on the EFAM design, materials, and their pre-assembly
dimensions can be found in Figure 3B and Table 1.

R2

Figure 3. (A) Dimensions of an ossicle. (B) Cross-section diagram of an extensile fluidic artificial
muscle: fluid medium (1), elastomeric tube (2), bi-axial inextensible sleeve (3), fluid inlet (4), end
fitting (5), swage tube (6).

Table 1. Components of the extensile FAM assembly with their corresponding dimensions.

Part Name Quantity Material Length Dlam'e ter
cm (in) cm (in)

End fitting 2 Aluminium 2.54 (1) 2.133 (0.84)

. inner: 2.25 (0.884)
Swage tube 2 Aluminium 2.54 (1) outer: 2.54 (1)
. inner: 1.9 (3/4)

Elastomeric tube 1 Soft latex rubber 17.78 (7) outer: 2.22 (7/8)

Braided sleeve 1 Biaxial Kevlar 50:8 (20) 1.905 (3/4)

at 0 = 45° atf = 45°
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For the test setup, the EFAMs were equilaterally mounted to two 6.6 mm thick alu-
minum plates, as shown in Figure 4. The ossicles were manufactured using uPrint® 3D-
printer and ABS-M30 thermoplastic of Stratasys (Eden Prairie, MN, USA). The ossicles
were equally spaced along the EFAMs and fastened with cable ties to reinforce their grip on
the EFAMs. Figure 3A shows the dimensions of a single ossicle. The end plates and ossicles
placed EFAMs R; = 7.422 cm away from the robot axis. An ossicle measured H = 15 mm
in height and W = 6 mm in bar thickness. The EFAM-clamp part of the ossicle measured
D2 = 30mm and D1 = 21 mm with R2 = 10.17 mm.

Figure 4. The robotic segment, reinforced with six ossicles, underwent testing at 517 kPa, as shown
in sequential stages: nominal operation (A), imminent buckling (B), and the buckled state (C).
A slight displacement from stage B induced the critical buckling force, rapidly transitioning to the
buckled condition in (C). Due to potential damage risks, the test was discontinued upon reaching the
buckled state.

For quasi-static axial force response testing, a 97.9 kN MTS servo-hydraulic test ma-
chine (or MTS machine) was used to achieve the desired stroke profiles, and to acquire
displacement and force data. The MTS Teststar Controller (Eden Prairie, MN, USA) mea-
sured time, displacement, and force. An external load cell (Honeywell Model 31-CV) rated
for 1000 Ibf (4448 N) provided high-resolution force readings. Pressure values for each
FAM were obtained with three 200 psi-rated pressure transducers (Omega PC209-200G5V
(Norwalk, CT, USA)). The values were recorded by a pressure regulation system adapted
from [26] and regulated the internal pressure of the three EFAMs (Figure 5).
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Figure 5. Schematic of the test setup. Dashed lines represent electric signals, while solid lines denote
pneumatic connections. Key components include the Arduino Due Board for control signals, an air
compressor and pressure regulator for air supply, proportional valves and pressure transducers for
closed-loop pressure control, a load cell for measuring applied force, and an MTS control unit for
displacement measurement.

2.2. Methods

The objective of the experiments was to evaluate the impact of ossicle reinforcement on
the axial performance and buckling behavior of the continuum soft robot. The experimental
setup included the configuration of the robot with EFAMs placed equidistant from the
center, reinforced with varying numbers of ossicles.

With the setup shown in Figure 5, the robot was stroked at 5.1 mm/s starting from its
free extension, as indicated by the load cell’s reading of 0 N, and stopping at the resting
length of the robot, as directed by the MTS displacement control system. At each test
pressure, the robot was stroked for 3 up-and-down cycles. The robot was tested under five
pressure levels ranging from 103.4 to 517.1 kPa (15-75 psi) in 103.4 kPa (15 psi) increments.
For brevity, further references to the tested pressure were rounded to natural numbers.
Buckling observations were also performed by incrementally increasing the pressure and
observing the robot for signs of buckling, halting the tests at the first indication of buckling
to prevent damage. Force response data were acquired for the robot, incrementally reducing
the number of ossicles from 7 to 3, as shown in Figure 6.
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Figure 6. Axial force response of an EFAM-actuated soft robot to varying displacement at different
pressure levels, and with incrementally changing number ossicles.

Data on force, displacement, and internal pressure were collected using the OMTS
machine (Eden Prairie, MN, USA), load cell, and pressure transducers. Data were logged
using the MTS control system software and subsequently analyzed using MATLAB® (2022a).
The analyses followed methodologies established in our prior CFAM force response test-
ing [24,27,28]. Theses analyses included extracting blocked force and free extension for
each tested pressure from the force—displacement data, and fitting a linear function to the
blocked force data to determine the dead-band pressure. Moreover, we further analyzed
the experimental results with a modified Euler column model to be described in Section 4.

3. Experimental Results

The continuum soft robot, operating axially, functions similarly to a soft actuator
through its composition of three EFAMs (see Figure 7). Methods originally developed
for FAMs proved applicable for analyzing the axial-force-response data of the soft robot.
Analysis included trends in force response, examining parameters such as maximum non-
buckling pressure, dead-band pressure, blocked force, and free extension to understand
the influence of radial supports on robot performance.
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Figure 7. Averaged axial force response of an EFAM-actuated soft robot, fabricated at the University
of Maryland, to varying displacement normalized by the robot’s resting length at different pressure
levels, and with incrementally changing number of ossicles.

3.1. Maximum Non-Buckling Pressure

Under specific pressures and displacements, the robot experienced buckling, akin
to a hyper-elastic column under compression, as depicted in Figure 4. This buckling,
which posed a risk of damage to both the robot and the test setup, was triggered when the
robot reached its critical force limit during a gradual compression test at constant internal
pressure. To mitigate this, the test was halted at the first sign of buckling, with the last
safe pressure level recorded as the maximum sustainable without buckling. Notably, the
incorporation of ossicles was effective in curbing this issue; only the variant with seven
ossicles managed to resist buckling at the peak internal pressure of 517 kPa. This is reflected
in Figure 7, where the absence of data points for certain ossicle counts indicates buckling
incidents. The data show that, up to 207 kPa, buckling was prevented in all configurations.
Beyond this, only configurations with five, six, and seven ossicles withstood up to 310 kPa,
six and seven ossicles up to 414 kPa, and only the seven ossicle configuration remained
stable up to 517 kPa.

3.2. Dead-Band Pressure

Another performance metric, dead-band pressure, can be calculated to observe whether
the number of ossicles affected a pressure threshold needed for the robot to generate force.
Dead-band pressure, Py, is the pressure required for the bladder to make substantial
contact with the surrounding braid and initiate inflation of the FAM [29]. A linear fit to the
experimental data for blocked force would yield a pressure value greater than zero for the
blocked force of zero—a pressure level above which FAMs start to generate force. This is a
pressure difference between the pressure-proportional Gaylord’s FAM model:

PrD?

_ 22
— m([&sm (Orest) — 1) 1)

Fpp
where Fpr is the blocked force, P is the internal pressure, D is the outer diameter, 0.5 is
the resting braid angle. The experimental data are the estimated value of the dead-band
pressure. The dead-band pressure trend is shown in Figure 8. The data for the dead-band
pressure were monotonically decreasing, and it suggests that the ossicles might decrease
dead-band pressure.



Actuators 2024, 13, 265

10 of 22

W B [6)] [e2]
o o o o

dead band pressure, kPa
n
o

—_
o

number of ossicles

Figure 8. Dead-band pressure calculated from experimental data versus the number of ossicles. With
increasing number of ossicles, the dead-band pressure decreases.

3.3. Blocked Force

Blocked force data were analyzed to determine the impact of ossicle quantity on the
robot’s axial force output at its resting length, providing insights into maximum force
capabilities with minimal material strain influence.

As depicted in Figure 9, initial findings indicate a marginal increase in blocked forces
at lower pressures (103 and 207 kPa), potentially due to ossicles promoting earlier bladder-
braid contact, thereby reducing the dead-band pressure. Notably, the inclusion of ossicles
enabled the robot to sustain operation at elevated pressures, which was challenging with
fewer ossicles. Specifically, the peak force observed in the robot with seven ossicles sur-
passed that of the three-ossicle variant by over three-fold, attributable to the expanded
non-buckling pressure range from 207 kPa to 517 kPa.

=@=103 kPa o
800 =@=207 kPa
| |=@=2310 kPa
~ —e—414 kPa o—°
< =0=517 kPa
S 600 ¢
—
5 o___e/o
=
S 400+
)
2 o—__o’e___e/o
e}
200 +
O 1 1 1 1 1

3 4 5 6 7
number of ossicles

Figure 9. Blocked forces generated by an EFAM-actuated soft robot dependent on the number of
radial supports (or ossicles).
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3.4. Free Extension

Free extension, defined as the maximum normalized length change of a pneumatic
soft actuator under specific internal pressure without external forces, is a key performance
metric. This metric is calculated by dividing the actuator’s length change by its resting
length. Figure 10 illustrates how the number of ossicles correlates with free extension,
indicating a minor but present influence, which was deemed negligible for this study.

'~ 1l —@—=103 kPa
3= —0—207 kPa o
—0—310 kPa o o

0.8 |—@=414 kPa
—0—517 kPa o————o0—"9°

o
o

o——o— o— *

©
~

o
(V)

0——e ——o—

normalized length change
o

3 4 5 6 7
number of ossicles

Figure 10. Free extension of an EFAM-actuated soft robot.

Notably, ossicle reinforcement enabled operation at higher pressures, resulting in a
significant increase in free extension, with the seven-ossicle configuration achieving twice
the extension of the three-ossicle setup.

3.5. Axial Stiffness

Axial stiffness, defined as the force needed for a unit length change in the robot,
varies with pressure and was analyzed under the assumption of constant stiffness across
different lengths. This stiffness was derived from data presented in Figure 7, reinterpreted
to consider the robot as a compressed column, with results illustrated in Figure 11. Here,
force versus compression data are displayed, with each ossicle count’s trendline shifted by
300 N for differentiation. Solid lines indicate experimental data, while dotted lines offer
linear approximations of axial stiffness at specific pressures and ossicle counts, summarized
in Figure 12.

At 103 kPa, no clear trend emerged, possibly due to EFAMs not yet reaching nominal
behavior just above dead-band pressures, indicating strong nonlinearity. At higher pres-
sures, stiffness trends were consistent, with a peak increase of 10.2% at 207 kPa and under
5% for 310 and 414 kPa. These findings suggest that while the ossicle count influences axial
stiffness, the inherent soft axial characteristics of the robot remain largely intact.
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Figure 11. Quasi-static force response with the robot as a uniformly cross-sectioned column under
compression. Data for each ossicle increment are offset by 300 N for clarity, with solid lines showing
experimental results and dotted lines indicating linear approximations.
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Figure 12. Axial stiffness, EA, of an EFAM-actuated soft robot as a function of the number of ossicles
at 5 testing internal pressures.

4. Buckling Analysis

To address the limitations in quantifying the buckling performance from the last
section, we applied an Euler column model with an ossicle-dependent coefficient to analyze
the buckling behavior of the robot. This approach enables the calculation of the critical
force for buckling, considering the number of ossicles, internal pressure levels, and robot
length.

The model adopts the Euler column theory, which assumes that the column is slen-
der, the compressive load is axial, the material is homogeneous and isotropic, failure is
due solely to buckling, the column behaves elastically, and self-weight effects are min-
imal [30,31]. However, the robot differs from an ideal Euler column in several aspects:
it consists of three composite cylindrical tubes with hyper-elastic properties and ossicle
reinforcements, and its length-to-width ratio varies with extension. Despite these dis-
parities and the nonlinear behavior of the muscles, the linear approximation is deemed
sufficient for understanding the fundamental physics and providing insights into the
buckling mechanics.

Euler Column Model

We modeled the robot as a column whose cross-sectional area varies with its length,
influenced by the kinematics of the EFAMs. Given that each test maintained constant
actuator pressure, the robot was considered as a distinct column for each pressure level
upon compression from free extension. This approach made Figure 11 more pertinent for
our model than the actuation diagram (6).

Adopting the Euler column framework for critical load calculation under compression,
we use [31]: ,

Py = T iémm 2)
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where P, is the critical buckling force, E the column stiffness, I, is the minimum area
moment of inertia, and L, is the effective column length.

Assuming linear stiffness (assumption e), we recognize that I,,;, varies with the robot’s
length, L. Linear fits of the curves in Figure 7 provided stiffness values, EA, for our column-
like robot at different pressures. This analysis allowed us to correlate ossicle count with
axial stiffness, as detailed in Section 3 and illustrated in Figure 12.

To determine whether the normalized stiffness, E, varies with the number of ossicles,
slope values from linear fits were normalized by the cross-sectional area, A, assuming
ossicles remain rigid and stiffness is attributed to EFAMs. Hooke’s law was applied to
calculate compression force as:

_ aLfree_ L _ EALfree_L

F
Lfree Lfree

)

where a represents the stiffness coefficient, Ly, represents the robot’s extended length,
and L represents its compressed length. « was derived from the linear stress—strain curve
slopes (Figure 11). Normalized stiffness was then calculated using:

(4)

with A(L) representing the length-dependent cross-sectional area, determined through
FAM braid kinematics.

The cross-sectional area of an EFAM, modeled as an ideal thick-walled tube, is calcu-
lated using;:

Apam = 7 (DA(L) = (L)) ©)

where D(L) and d(L) are the length-dependent outer and inner diameters of an EFAM,
respectively. These diameters can be determined using the EFAM model described in [26].

The stiffness modulus of the robot is influenced by both its length and internal pressure,
and exhibits a slight increase with the addition of ossicles (Figure 12). However, the
variations in stiffness across different ossicle counts were minor and thus disregarded for
simplicity. An ossicle-independent representation was achieved by averaging the stiffness
modulus, E, across all internal pressure levels.

To develop an empirical model for the robot’s stiffness, we fitted a surface described
by Equation (6) to the experimental data, capturing the relationship between stiffness
modulus, internal pressure (P), and normalized length change (¢):

E(e,P) = ag + ace + acpeP + appP? (6)

The fitting process determined the coefficients as xy = 2.234 MPa, a. = 1.469 MPa,
aep = 0.007756 au, and app = 1.395-10~° 1/MPa , with a mean absolute error of 0.1646 MPa
and a standard deviation of 0.1156 MPa in fitting. This model assumes linear stiffness
variation with length and employs a cubic relationship with internal pressure, refined by a
term linking length change and pressure to enhance fit accuracy.

The cross-sectional change impacts the minimum area moment of inertia, I, critical
for determining the minimum bending stiffness, El,;;,. The area moment of inertia for an
EFAM is given by:

_ T4 4
IFAM—64(D d”) (7)

Applying Steiner’s theorem, the minimum area moment of inertia for the EFAM robot
is calculated as:

(®)

D* —d* ,D? — d? D*—d* ,D*—d?
T (05R)*— >+n< o TR >

Imin =2 (
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where R denotes radial distance from the EFAM center to the robot’s longitudinal axis.

To complete the calculation of the critical force in Equation (2), the remaining variable,
L, representing the column length, needs to be defined, incorporating the effect of ossicles,
Ogs. The effective length, adjusted for ossicle reinforcement, is expressed as:

Le = ppossL )

where 1 is the effective length coefficient, typically assumed to be 0.5 for a column with
pinned ends [31], and p,ss is the ossicle reinforcement coefficient. Assuming ossicles
segment the robot into Oss + 1 parts, poss, inversely related to the number of segments, is

defined as:
K

O +1
with K being a constant calibrated against experimental data, indicating that s decreases

as the ossicle count increases.
Incorporating these definitions into the buckling model yields:

Hoss(Oss) (10)

T2ELyiy  T2ELyin(Oss +1)2

P, (L,P = = 11
or(L, B, Os) 2 pgss L u2K2L? )
This model allows for the determination of K through algebraic transformation:
Oss +1 [Elyin
uL Per (12)

effectively linking the number of ossicles, Ogs, to the robot’s buckling behavior.

In our study, focused on force response, we retrieved four buckling data points.
Additionally, an extra test conducted at 286 kPa aimed to ascertain the highest pressure at
which the four-ossicle configuration could avoid buckling. A repeat test for the five-ossicle
setup was necessitated by buckling during the final actuation cycle. These methodologies
account for the extra buckling data points in Table 2 and Figure 13.

Table 2. Overview of experimental buckling incidents and model predictions, detailing ossicle
count, actuator internal pressure, robot length, axial force, K coefficient, and ossicle reinforcement
length coefficient.

. P L F

Ossicles [kPal [em] IN] K Hoss
4 286.1 19.94 440.8 19.24 4.82
5 310.3 18.7 489.3 17.45 3.18
5 310.3 18.01 435.9 15.89 35
6 517.1 25.66 489.3 17.13 2.86

Utilizing Equation (12), we calculated K values for the four identified buckling points,
as presented in Table 2, alongside the ossicle-reinforcement coefficient poss. The most
critical load scenario occurred with four ossicles (joss = 4.82 and K = 19.24), indicating
that the robot buckled under a smaller load than predicted by an ideal Euler column. As
the number of ossicles increased to six, pi,ss improved to 2.86. The averaged experimental
K value was 17.43 with a standard deviation of 1.382, and a conservative K = 19.24 was
selected for further modeling to ensure a lower bound on the critical force.

Figure 13 synthesizes experimental and theoretical results, showing average force
responses and critical forces for various ossicle counts. The conservative K value ensures
that theoretical buckling limits (dashed lines) intersect with the force response curves (solid
lines), indicating potential buckling under corresponding conditions. For instance, with six
ossicles at 517 kPa, the proximity of the buckling limit curve to the force response suggests



Actuators 2024, 13, 265

16 of 22

a high likelihood of buckling, as confirmed by observed buckling points. Conversely, the
seven-ossicle configuration at 517 kPa demonstrated a safe margin, preventing buckling
across all tested pressures.

m— 3 OSSiCles

1000 . . — 4 ossicles
\ 5 ossicles
() OsSicles
900 [ 517 kPa \ 7 ossicles
\ == =buck. lim., os:3, 310kPa
800 == = buck. lim., os:4, 286kPa
\ |= =buck. lim., os:5, 310kPa
\ |- = buck. lim., 0s:6, 517kPa
700 414 kPa == =buck. lim., 0s:7, 517kPa
\ O buck. pt., 0s:6, 517kPa
600 - O buck. pt., os:5, 310kPa
- O buck. pt., 0s:5, 310kPa
N O buck. pt., os:4, 286kPa
<) - - m
O 500 310 kPa o,
£
400 1
300 [ 207 kPa N
\ L
200 r .
100 [ 103 kPa =
O | |

-0.2 0 02 04 06 0.8

; L-L
normalized length change =7=¢, -

Figure 13. Averaged axial force response (solid lines) of the EFAM robot with overlaid modeled
critical force (dashed lines) at selected pressure levels.

The modeling, anchored to the least favorable buckling point at P = 286kPa,
L =19.94cm, and F = 440.8 N, accurately intersects this critical instance, with other points
lying above the modeled trends. This alighment reveals that, at lower pressures, buckling
tends to occur at minor length changes due to a disproportionate decrease in critical versus
EFAM force. The quadratic relationship with the ossicle count further shows this dynamic.

Figure 14 illustrates how ossicle reinforcement enhances buckling resistance, showcas-
ing an approximate four-fold increase in critical force between the three- and seven-ossicle
configurations at 517 kPa. This observation aligns with the experimental finding that os-
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sicles contributed to a three-fold rise in blocked force, underscoring the effectiveness of
ossicle reinforcement in elevating buckling thresholds and enhancing the robot’s structural
resilience under load.

1200

—@—517 kPa
@414 kPa
=@ 310 kPa
—@— 207 kPa
- | =@=103 kPa
0 kPa

—
(0] o
o o
o (@)

600 |

400 1

200 | 1

critical force at resting length, N

3 4 5 6 7
number of ossicles

Figure 14. Modeled critical force at blocked-force condition of the EFAM robot over an internal
pressure range of 103.4 kPa-517.1 kPa.

5. Discussion

This study shows the impact of ossicle reinforcement on the axial load performance
of EFAM-driven continuum robots. Axial testing revealed a propensity for buckling
under load, which was mitigated by the addition of seven ossicles, preventing structural
collapse (see Figure 4). The findings indicate that a higher ossicle count enhances the
robot’s ability to operate at increased pressures without buckling, thereby improving force
transfer capabilities.

Incrementing ossicle numbers correlated with raised maximum operational pres-
sures, suggesting an enhancement in axial force generation capabilities without buck-
ling. This improvement extends to bending scenarios—common operational modes for
such robots—indicating that ossicle integration significantly boosts payload performance
(Figures A1-A4).

While ossicle reinforcement modestly increased the blocked force (Figure 9), this effect
could stem from a reduced dead-band pressure with more ossicles (Figure 8). Crucially,
ossicle addition did not detrimentally affect blocked forces or dead-band pressures, but
rather contributed positively. Free extension under no load remained largely unchanged
(Figure 10).

The investigation into the robot’s linear stiffness revealed only minor increases with
more ossicles, preserving the robot’s inherent softness despite the integration of rigid
ossicles (Figures 11 and 12).

Adapting the Euler column model to account for the robot’s variable cross-section
and moment of inertia, we established a relationship between ossicle count and the robot’s
effective length, influencing buckling behavior. This model, correlating buckling limits with
experimental data, underscores the ossicles’ role in enhancing axial performance without
compromising the robot’s soft characteristics.
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The critical forces for buckling rose with additional ossicles, maintaining the robot’s
soft nature. Despite employing an idealized Euler column framework, the model aligned
closely with experimental observations, offering valuable insights into the axial buckling
limits and the benefits of ossicle reinforcement in EFAM-driven continuum robots.

While ossicle reinforcement enhances the buckling resistance of soft continuum robots,
it introduces potential performance drawbacks. Hard structures reduce flexibility, hindering
navigation in tight spaces and limiting high-bending motion. In applications involving
biological tissues or delicate environments (e.g., medical or agricultural), increased rigidity
may impede safe and gentle interaction. Although ossicles significantly increase payload
capacity, they add weight, which is disadvantageous in weight-sensitive applications,
and affect the response time due to larger inertia. Future studies on payload-carrying
robots in confined spaces and delicate environments could investigate the optimization
of ossicle design (materials and configurations) to retain flexibility and maneuverability
while maintaining buckling resistance. Despite these drawbacks, the benefits of improved
buckling resistance and structural robustness outweigh these adverse effects in many
practical payload-carrying applications.

6. Conclusions

This research demonstrates that ossicle reinforcement significantly enhances the axial
performance of EFAM-driven continuum soft robots, without compromising key perfor-
mance metrics such as blocked force, free extension, and dead-band pressure. In fact, these
aspects show slight improvements with additional ossicles. Notably, a minimal increase
in axial stiffness was observed with more ossicles, indicating the reinforcement’s role in
maintaining the robot’s inherent softness while significantly boosting its load-bearing
capacity. Specifically, the robot reinforced with seven ossicles exhibited a remarkable 320%
increase in blocked force capability compared to its three-ossicle counterpart, a testament
to the dramatic enhancement in payload-carrying potential supported by visual evidence
from bending configurations.

The findings underscore that ossicle reinforcement not only preserves the robot’s axial
performance but also effectively mitigates buckling, suggesting that, in designs, where the
addition of ossicle mass or localized rigidity does not pose significant trade-offs, integrating
numerous ossicles can substantially augment the robot’s ability to transfer force from
actuators to the load across a wide operational pressure spectrum without buckling. This
study sheds light on the future direction of designing robust, capable, and resilient soft
robotic systems. By harnessing ossicle reinforcement, it offers a pathway to surpass current
limitations in soft robot performance.

7. Future Work

The outcomes of this study will inform the advancement of payload-carrying EFAM-
driven continuum soft robots. Further research specifically focused on the buckling behav-
ior of ossicle-reinforced soft structures will be necessary to delve deeper into the principles
of ossicle reinforcement.
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Appendix A. Pictographic Data—Spatial Behavior

The robot for which pictographic data were acquired composed of three EFAMs with
3D-printed end fittings. Each muscle measured 11.59 cm in resting length, 2.87 cm resting
outer diameter and weighted 43 g. The distance of each muscle from the center was 7.422 cm.
Two muscles on the left were pressurized to 551.6 kPa (80 psi) and the muscle on the right
was pressurized to 34.5kPa (5 psi). Except for different EFAM specimens, the ossicles and
other parts were the same as those described in the axial experiment. Each ossicle weighted
33.45 g including cable ties. The main robot structure of three EFAMs weighed 129 g with
the addition of 33.45 g for each ossicle.

The data were collected for four pressure configurations, which represented operating
states such as retracted state, expanded state, and two bending states. In each pressure
configuration, three different payload cases were tested: base payload, 401.77 g (I); medium
payload, 1050.77 g (II); and large payload, 2794.05 g (I1I). For each payload case, the robot
was reinforced with zero, one, three, and seven ossicles.
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Figure A1l. (A) Configuration diagram showing internal pressure values for each muscle. (B) Picto-

graphic table showing three payload cases (I-1II) and four ossicle cases (0, 1, 3, 7).
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Figure A2. (A) Configuration diagram showing internal pressure values for each muscle. (B) Picto-
graphic table showing three payload cases (I-III) and four ossicle cases (0, 1, 3, 7).
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Figure A3. (A) Configuration diagram showing internal pressure values for each muscle. (B) Picto-
graphic table showing three payload cases (I-III) and four ossicle cases (0, 1, 3, 7).
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Figure A4. (A) Configuration diagram showing internal pressure values for each muscle. (B) Picto-
graphic table showing three payload cases (I-III) and four ossicle cases (0, 1, 3, 7).
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