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Mechanical power modulation of iIPAM soft
actuators through exhaust flow regulation for
scalable mobile pneumatic robots
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Abstract—A new strategy is proposed for modulating the
mechanical power output of an inverse pneumatic actuator
muscle (iPAM), by designing a valve mechanism to regulate the
flow of internal pressurized air exhausted to atmosphere during
the iPAM’s power stroke in contraction from an inflated initial
state. Since the regulation is performed on the unpressurized
exhaust line which does not need to work against relatively high
supply pressure, the design of the valve is simplified compared to
other off-the-shelf or commercially available regulator solutions,
allowing it to be lightweight, easy to fabricate, and low-cost
to facilitate its use in customized, lightweight pneumatically
powered robot applications. A custom proportional flow regu-
lation valve known as a servo-actuated obstruction of fluid flow
device (SOFD) is presented which changes the effective cross-
sectional area of a fluid flow path connected in-line with the
iPAM exhaust. The resulting change in exhaust flow rate from
the actuator allows for variable power applied by the actuator
to be specified for the same initial energy stored in the iPAM
by a fixed pressure. To control the system via the SOFD, a
model is developed which relates a desired power or energy
output to an effective orifice area that can be set by the SOFD.
The model is validated by comparing measured launch heights
of a mass to predicted heights. Experimental results show the
model’s effectiveness, demonstrating the practical utility of the
proposed strategy for controlled power modulation in elastic
energy storage-based contractile SPAs similar to iPAMs.

Index Terms—Soft pneumatic actuators, valve design, regula-
tor design, 3D printed robots, legged robots

I. INTRODUCTION

Legged locomotion offers the ability to effectively negotiate
unstructured and challenging environments. In nature, legs are
exploited for their inherent adaptability to different terrains
[11, [2], [3] but also for their versatility in how they can
be employed for locomotion, which include walking, running.
or hopping and jumping [4], This variety enables animals to
traverse a wide range of uneven or cluttered ground conditions
often encountered in the real world. Due to the diversity and
utility of legged locomotion observed in the animal kingdom,
significant research has been dedicated to developing bio-
inspired robots that emulate the different capabilities and
mechanisms observed in nature [5], [6], [7], [8], [9] to leverage
the benefit of legs in machines.

Legged robots have been demonstrated at various sizes
and power scales with particular recent interest in achiev-
ing dynamic, agile, and robust performance. Sophisticated
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walking and running robots have been developed which are
capable of two-legged (bipedal) [10], [11], [12] and four-
legged (quadrupedal) [13], [14], [15], [16] locomotion. The
motion of these relatively large-scale robots is driven either
by hydraulic or electric actuators in order to achieve the
high-power required to perform dynamic maneuvers, such
as jumping. Although these robots leverage some passive
compliance, often through the use of springs, in complement
to powered actuation where possible to achieve certain per-
formance benefits including robustness and efficiency [17],
it is impractical to offload a significant amount of power
production from actuation to these compliant components due
to the amount of energy storage required to perform certain
maneuvers such as high hopping or jumping [18] with high-
mass systems. For this reason, other types of larger (macro)
scale jumping robots more commonly employ direct drive
actuation to achieve jumps using electric motors or pneumatic
actuators [19], [20]. At smaller scales (meso scale and below)
however, robots with lower mass can leverage the benefits of
springs to store and release mechanical energy to perform high
jumps (heights above their resting body center of mass) and
dynamic motions without the use of directly powered actuators
[21], [22], [23], [24], [25].

Soft pneumatic actuators (SPAs) have been used as a method
for driving robots which simultaneously provide force genera-
tion and natural compliance but can also be exploited for their
energy storage capabilities to achieve high-power actuation.
SPAs are generally described as hollow elastic structures
which perform work that can be used for actuation as a
result of inflation from a pneumatic pressure source. Typically
fabricated from compliant elastomer materials, SPAs, which
include pneumatic artificial muscles (PAMs) [26] or McKibben
actuators [27], have been shown to demonstrate high power-
to-weight ratios, which offer benefits to a diverse range of
emerging robotic applications [28], [29]. Despite their excep-
tionally low weight compared to alternative actuation sources
predominantly used in robotics however, SPAs have most
commonly been employed in relatively low-speed, low-power
tasks as a result of the significant energy that is effectively lost
in the process of actuation due to the inflation of their elastic
structures. In addition, the power output of SPAs is often lim-
ited by the pressure source which they are driven by. Although
high-power action such as jumping is possible to achieve using
SPAs and has been demonstrated using McKibben actuators
[30], it requires high-pressure pneumatic source to compensate
for the energy demand of inflation, requiring high pressure or
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flow rate pumps and correspondingly rated hardware that is
not suitable for lightweight, mobile robot platforms.

Due to the limited selection or out-of-scale physical at-
tributes of off-the-shelf (OTS) hardware components typically
used for power and control of pneumatic systems utilized in
soft robotics, another distinguishing feature of these systems
— their customizability — is easily undercut by the overhead
design cost of integrating non-customizable components. In
general, OTS pneumatic system components for controlling
soft robots are neither optimized for their scale, in terms of
mass or size, nor for their fabrication and integration, which
utilize primarily compliant or low-cost materials. Moreover,
soft robots increasingly leverage 3D printing or other unique
fabrication processes in the aim to achieve fully integrated
fluid-powered machines. These system attributes have mo-
tivated other researchers to therefore design customizable
control hardware components, including valves [31], [32],
[33], [34], pumps [35], [36], and fluidic-logic elements [37],
[38], [39] which are better suited for the materials, techniques,
and final applications the soft robotic systems are designed for.
Regardless of the intended end-use or level of optimization,
however, the design of fluidic switching or regulation com-
ponents in any domain (rigid or soft) must contend with the
physical constraints and challenges presented by pressurized
fluid power modulation, including sealing, fluid-force effects,
and control characteristics, which may limit their use in certain
applications.

As the type and function of power and control hardware is
closely coupled to the type and function of the actuator being
controlled, the challenge of developing more customizable and
scalable hardware can be simplified in part by appropriate
actuator selection. Following an alternate approach to the
design and function of most SPAs, the inverse PAM (iPAM) is
a unique example of SPA which has previously demonstrated
the capacity to facilitate high-power actuation [40] while
also introducing new opportunities for control. While the
force resulting from elastic energy stored in the material of
most SPAs typically opposes the direction of their powered
actuation from pressure driven inflation, iPAMs employ the
release of stored energy itself for actuation. Comprising a
hollow elastic core wrapped with inextensible fibers, the iPAM
extends linearly as it is inflated with pressurized air prior to
actuation. Once pre-strained, or primed, in this way, the iPAM
can be activated by releasing its internally pressurized air. As
pressurized air is released, the actuator contracts in tension
through its power stroke, driven by the energy returned by its
stretched elastic core, and this nominally rapid contraction can
be used to perform high-power mechanical work.

The difference in function of iPAMs motivates a new ap-
proach to their control and implementation in a pneumatically
powered robotic system. Generally, most SPAs are pressure
controlled, either through a continuously variable pressure reg-
ulator or through pulse-width modulation of a discrete solenoid
valve emulating pressure control via a form of discretized flow
control. Either method allows the force or speed of actuator
inflation to be varied proportionally to its controlled internal
pressure, directly enabling modulation of the actuator’s power
output. In both cases, however, the modulation of air supplied

to the SPA occurs on the high side of the pneumatic control
circuit, in direct connection with the pressurized air source.
In this configuration, the control components themselves must
be designed to withstand constant exposure to the operating
supply pressure, and simultaneously perform the function of
regulation or flow switching. From a hardware design perspec-
tive, this requires precision tolerances and material selections
to accommodate the sealing of moving internal parts, such
as valve shuttles or poppets. Under high-pressure conditions,
it is likewise important (if not one of the main challenges
of valve design) to carefully consider the effect of the force
from pressurized air on the internal mechanisms and actuation
technology which are designated for actually switching the air
flow. Due to this effect, certain simple mechanisms or methods
for switching fluid flow, such as poppet, butterfly, or gate
valves, do not work well with high-pressure fluid and low-
force actuators, as the process of redirecting fluid (required
for changing either pressure or flow) also involves working
against the force of the fluid itself on the valve mechanics.

In this work, we present a novel hardware-based technique
for controlling the power output of iPAMs with a custom-
fabricated flow control mechanism, compatible with system
design and fabrication techniques commonly employed in soft
robotics. In contrast to the working principle of most pressure
or flow control devices, OTS or custom built, the hobby servo-
powered flow control regulator, deemed the servo obstruction
of fluid flow device (SOFD) employs a gate valve mechanism
to vary the flow of fluid on the low-pressure side of the
pneumatic control circuit, serving to regulate the actuator
exhaust line rather than its high-pressure supply line. This
unique configuration relaxes some of the most critical design
requirements for valve or regulator design, enabling a low-
cost, readily manufacturable SOFD to be constructed using
low dimensional tolerance 3D printed parts and relatively low-
force switching actuator (micro servo). In order to modulate
the power output from this proposed regulator and pneumatic
circuit control topology, we perform initial fluid-dynamics
characterization studies to generate a model relating the SOFD
actuator position input to the resulting iPAM actuation power
output. Our model is validated through comparison with exper-
imental results of an iPAM-driven vertical catapult mechanism,
which serves not only as a predictable benchtop demonstration
but also as a simplified representation of a jumping robot leg
which could be refined and integrated in future work to a full
legged mobile robot platform.

II. DESIGN
A. iPAM exhaust flow regulation valve design

The proposed exhaust flow regulation valve, servo obstruc-
tion fluid flow device (SOFD), consists of inexpensive and
3D printed components using the Original Prusa i3 MK3S+.
An off-the-shelf Miuzei SG90 9 g micro-servo motor is used
to actuate the custom valve to regulate the flow and has a
stall torque of 2.0 + 0.20kg-cm (4.8V). A 3D printed pinon
was adapted onto the servomotor’s output gear to transfer
the servomotor’s torque to a 3D printed rack, achieving the
transfer of rotational motion of the servomotor to linear motion
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of the rack. To regulate the flow a housing for the servomotor,
pinion, and rack was designed to connect the exhaust air flow
path with the rack, making it possible for the rack to obstruct
the exhaust air flow. Overall, the valve works by sending the
servomotor an angular position which is than translated by
the pinion and rack to a linear position, therefore modifying
the area of the exhaust air flow’s path to atmosphere (Fig.
1). The reduced area of the exhaust flow path through the
regulator thereby reduces the flow rate of the air, and hence
the retraction speed and power of the iPAM contraction.
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Fig. 1: Custom built exhaust air flow regulator - SOFD: a) 3D
model of air flow regulator that includes a 3D printed housing, rack,
pinion, and servomotor that make up the SOFD. b) Section view of
the exhaust air flow incoming from the solenoid valve where the rack
obstructs the exhaust air flow path to atmosphere. The two pressure
ports are there to measure the pressure drop across the orifice from
a pressure differential sensor. Subfigures c), d), and e) depicts front
views of the outlet of the exhaust air flow path, for different example
occluded orifice areas. As the linear position of the rack changes, the
area of the outlet changes and the amount of exhaust flow obstruction
is therefore varied.

Solely using 3D printed parts with no additional seals
or further machining to improve on the parts is acceptable
because the SOFD is implemented on the exhaust line. Tradi-
tional off-the-shelf flow regulators connected in-line with an
active pressure source have major constrains to their designs.
One constraint is that more forces need to be overcome
when connected to an active pressure source requiring a
stronger actuator, leading to more expensive and heavier flow
regulators. Another constrain is the need for a fully sealed
system to prevent air leaks from the pressure source and
the fabrication procedure for sealed moving components is
often complex requiring multiple materials and is not tailored
towards a lightweight or inexpensive solution. Without these
constraints, primarily due to being on the exhaust line, means
that fully sealing the valve is not necessary and a lightweight
micro-servomotor can be used to actuate the flow regulating
mechanism. The Original Prusa i3 MK3S+ 3D printer has
good tolerance, resolution and smoothness making the 3D
printed components fit well together and despite leakages
occurring in the valve, barbed fittings on the housing are
ports for a pressure differential sensor that will be used in the
methodology section to take air leakage into account when
modeling the iPAM’s power output.

B. Linear Constrained Housing for iPAM

The iPAM is custom made consisting of off-the-shelf natural
latex rubber tube with a diameter of 12.77 mm, wall thickness
of 1.59 mm, and cut to a length of 70 mm. The tube was
wrapped with a 10-1b rated fishing line that is meant to
constrain the tube’s motion during inflation and contraction
to strictly linear motion along the central axis of the tube.
The fishing line was adhered only to the ends of the latex
tube, leaving the possibility of the fishing line threads shifting
during the tube’s inflation or contraction. Wherever the thread
would slip revealing the latex tube would result in the tube
radially expanding, and thus no longer having the desired
linear motion. To minimize this risk, Elastosil M 4601 was
brushed over the latex tube and fishing line to create a skin
layer that helps keep the fishing in place. Due to the natural
latex tubing being pre-formed, along with the non-uniform
wrapping of the fishing line, the longitudinal dimension of
the iPAM is biased with a light curvature. To restrict the
iPAM’s motion from bending and buckling, a housing for the
iPAM was designed consisting of a supply air cap with linear
guide bearing tubes and an end cap with stainless steel guide
rods (Fig. 2). The linear guide bearing tubes extend entirely
through the supply air cap component to facilitate smooth
linear motion and support of the guide rods throughout long
near strokes near maximum actuator extension. Both caps were
3D printed using an Original Prusa i3 MK3S+ from PLA,
resulting in an overall weight of the complete iPAM with its
linear constrained housing to be 26 g.
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Fig. 2: Linear constrained iPAM: a) Top and front view of the latex
rubber actuator core wrapped in fishing line. b) The iPAM assembled
with its housing. ¢) 3D model of the iPAM and the two separate 3D
printed components that make up the linear constrained housing for
the iPAM. d) Illustrates the iPAM and its housing in its contracted
state. e) Illustrates the extension of the iPAM when inflated to a
certain supplied pressure.

During inflation the iPAM stores its elastic energy as the
latex rubber is being stretched out by the supplied pressure
and when the internal pressurized air of the iPAM is exhausted
to atmosphere, the actuator contracts back to its original
length, rapidly releasing its stored energy from inflation. Since
actuation power is produced by the contraction of the iPAM,
a device for regulating the exhaust air flow of the iPAM
can be exploited as a method to modulate the iPAM’s power
output, which is fundamentally a function of actuator force
and velocity. Regulating the flow of the exhaust air allows for
power modulation because the exhaust flow rate affects the
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speed at which the iPAM contracts while the actuation force
from elastically stored energy is only a function of iPAM
displacement and therefore is independent of the change in
flow rate.

Fig. 3, illustrates a simple control scheme for actuating the
iPAM starting with opening a 3/2 solenoid valve allowing air at
a fixed pressure to fill the actuator to maximum extension and
stored energy in the tubing of the iPAM, priming the actuator.
To set the contraction speed, and hence power output level
of the iPAM, the SOFD can be adjusted to an appropriate
position for a specified air flow. This can be done independent
of the supply pressure side of the circuit and asynchronously,
not requiring to be adjusted proportionally in a closed loop
to achieve flow. Once the valve area is set, the solenoid valve
switches states to close off the supply line and connects the
iPAM to the exhaust line for the actuator’s power stroke,
exhausting the iPAM’s internal pressurized air to atmosphere,
releasing its energy and using it to actuate some mechanism.
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3/2 Solenoid Valve
—

]l

®_

Air Compressor |:

Air Compressor
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Fig. 3: Pneumatic Circuit for exhaust flow regulation: The
pneumatic circuit consists of an air compressor, pressure gauge, 3/2
solenoid valve, an iPAM, and an air flow regulator on the exhaust
line. The proposed SOFD is integrated into this pneumatic circuit
as the air flow regulator. There are two states: @) when the pressure
source is connected to the iPAM, inflating the iPAM and priming the
actuator and b) when the iPAM is connected to the SOFD that is
connected to atmosphere, exhausting the iPAM’s internal pressurized
air, causing a power stroke.

C. Exhaust flow regulation power-modulated vertical catapult

A simple mechanism was created with the Original Prusa i3
MK3S+ to 3D print a linkage and plate (Fig. 4). The linkage
translates the iPAM’s contracting power stroke into the plate’s
vertical acceleration. The supply air cap is fixed, and the end
cap is free to slide in the horizontal axis, the distance between
the supply air cap and end cap is the iPAM’s length 1. With the
plate positioned above the supply air cap, the linkage restricts
the plate to vertical displacement only. This distance from
the supply air cap to the plate is the plate’s height h. This
mechanism is secured with 3D printed brackets into slotted T
beams and linear bearings restricting the plate from tilting,
ensuring that it remains level with the ground throughout
its motion. The mechanism with its T slotted beam housing
results in a launching mechanism that leverages the iPAM’s
power stroke by transferring its contraction motion through a
linkage accelerating the plate vertically to launch a projectile
placed on top of the plate. The purpose of this mechanism is

to validate if the iPAM’s power modulation can be transferred
to a projectile’s maximum launch height being modulated.
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Fig. 4: iPAM actuated vertical launching mechanism: a) The
iPAM is initially inflated with a fixed pressure and primed at its
maximum extension. Since the supply air cap is fixed, only the
end cap’s horizontal position changes when the pressurized iPAM
contracts on depressurization as air is released. The plate is at its
minimum height in this case. b) In its rest state the iPAM is fully
contracted, and its internal pressure is equal to atmosphere. The plate
is at its maximum height in this case. ¢) Photo of the launcher
mechanism integrated iPAM d) A 3D model of the complete vertical
catapult mechanism with the T-slot beams that keep the plate position
level with the ground. e) Front view of the catapult when the iPAM
is inflated. f) Image of the assembled iPAM vertical catapult.

III. METHODOLOGY

To predictably control the power output of an iPAM using
the SOFD as an exhaust flow regulator a procedure was
developed to characterize the contraction velocity of the iPAM
as a function of the exhaust orifice area. The iPAM’s power
stroke occurs when it exhausts its internal pressurized air,
which releases the stored energy from the stretched latex
tubing, causing it to contract back to its rest state. To achieve
this goal, empirical tests were conducted, and a model was
developed that takes an orifice area as input and outputs
the iPAM’s contraction displacement versus time curve. 3D
printed orifice meters, each with a different fixed orifice area,
were used to estimate the flow rate accurately since using the
SOFD directly would make it difficult to calculate the flow
rate due to imperfect sealing and air leaks which are inherent
to its design. The orifice meters were related to the SOFD,
and the model was used to achieve an output of the iPAM’s
contraction displacement versus time curve from an SOFD
input. To validate this methodology, this output was applied
to the vertical catapult mechanism, and the model was tested
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to see if it could accurately predict the projectile’s maximum
launch height. Fig. 5 illustrates the workflow diagram of the
entire methodology, beginning with the characterization of the
iPAM and ending with the approximate projectile maximum
launch heights. The details of the workflow diagram will
subsequently be described in the next sections.
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Fig. 5: Methodology Workflow diagram: A high-level outline of
the approach taken to predict a projectile’s maximum launch height
as a function of the exhaust orifice area. Each coloured box represents
one of the subsections of the “Methodology” section to make it easier
to connect the text with its corresponding parts in the diagram.

A. Contraction rate model

The model’s objective is to output two parameters: the
displacement of the iPAM and the time it takes to complete its
power stroke. These two parameters are independent of each
other since the iPAM’s displacement is only affected by the
pressure supplied to it, while the time is affected by the flow
rate of the exhaust air. As a result, different empirical tests are
conducted to obtain each parameter.

1) Characterization of iPAM pressure versus displacement:
Regulating the flow has no effect on the iPAM’s displacement
during its prime or power stroke. The prime stroke is when
the iPAM is inflating, hence extending, and the power stroke
is when the iPAM is contracting. The pressure applied to the
iPAM is the driving force that stretches the tubing to inflate to
a certain length. Observing the displacement of the iPAM as it
is inflated at different pressures will also provide the iPAM’s
displacement during contraction because the iPAM undergoes
a pressure change from exhausting its internal pressurized air
to atmosphere. The only difference between extension and
contraction displacement is the direction. A displacement ver-
sus supplied pressure test was performed starting at a supplied
pressure of 0 kPa increasing the pressure and measuring the
iPAM’s displacement until 300 kPa was reached (Fig. 6).
A quadratic function was fit to the experimental results that
produces a function that takes in a pressure in kPa and outputs
the iPAM’s displacement in mm. The displacement of the

iPAM is used to approximate its change in volume during the
power stroke. It is assumed that the iPAM’s volume can be
approximated by the geometry of a perfect cylinder, and that
any radial deformation can be ignored since the outside wall is
restrained by the fishing line. As a result, only the length of the
iPAM changes during the power stroke. This approximation of
volume will be used to help approximate the time it takes for
the iPAM to complete its power stroke.
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Fig. 6: iPAM pressure versus displacement: a) Plot illustrating
the relationship between the pressure supplied to the iPAM versus
the iPAM’s displacement caused by the supplied pressure. b) An
illustration of the measured iPAM displacement between the iPAM’s
unpressurized state and pressurized state.

2) Procedure for approximating the elapsed time of the
iPAM’s power stroke: The exhaust air’s flow rate is ap-
proximated by using compressible fluid theory [41]. Air is
treated to be compressible and turbulent resulting in the
following equations for flow rate that considers choked flow
and non-choked flow conditions based on the upstream P, to
downstream Py pressure ratio related to the critical value, P,r,
for air.

ol , L <0.528
Q= T
WA Co Py 3 L
%(%V 1—(F)® ,5£>0528

Where A, is the orifice area, C, is the discharge coefficient,
C7 and C are constants for air, 7" is the upstream stagnation
temperature, p is the density, and & is the specific heat ratio.

The orifice meters mentioned earlier are used to approx-
imate the iPAM’s power stroke time. Orifice meters were
3D printed using the Original Prusa i3 MK3S+ with a tube
diameter of 2.125 mm and orifice radiuses ranging from 2.125
mm (100% open) to 0.425 mm (20% open) (Fig. 7). These
orifice meters are fully sealed, meaning no air leakage can
occur, hence the orifice area can be directly used in the flow
rate equation.

The orifice area has a direct impact on the pressure drop
(P, — Py) that occurs during the iPAM’s power stroke. An
empirical test was performed using a pressure differential sen-
sor connected to the two ports of the orifice meter, outputting
the pressure drop (Pg,.op) across each orifice meter at different
supplied pressures ranging from 0 kPa to 300 kPa (Fig. 8a).

A linearly fitted equation was applied to the experimental
pressure drop versus supplied pressure data points for each
orifice meter pressure drop test. It was found that this linear
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Fig. 7: Custom 3D printed Orifice Meters: a) A 3D model of
the orifice meters used. Eight orifice meters were printed each with
different sized orifice radiuses ranging from 0.55 mm to 2.125 mm. b)
A section view shows the tube that is connected to a pressure source
that crosses the orifice meter into atmosphere. Pressure differential
sensor is connected to the orifice meter ports and measures the
difference between the upstream and downstream pressure across the
orifice. ¢) Outlet port of the orifice showing all the orifice areas tested.
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Fig. 8: Orifice Meter Pressure Drop test: a) Pressure drop versus
Supplied pressure plot. Red data points are the measured pressure
drop values at a given supplied pressure. Each line indicates a
different orifice meter, A, is orifice area, ranging from the orifice
meter that is 100% opened to an orifice meter that is 20% opened.
The blue represents the linear function for when p >= 50 kPa and
the black line is when p < 50 kPa. b) Slope coefficient versus the
orifice area and a quadratic fit to the data. Slope coefficient comes
from the linearly fitted equations ¥y = mz + b in sub-figure a. ¢)
Y-intercept coefficient versus orifice area and a quadratic fit to the
data. Y-intercept coefficient comes from the linearly fitted equations
y = mx + b in sub-figure a. The linearly fitted equations for when
the supplied pressure is less than 50 kPa has y-intercept coefficient
values equal to O, therefore it is not plotted.

behavior changes when the supplied pressure is less than 50
kPa, requiring the development of a separate linear function
for pressure drop as a function of supplied pressure less
than 50 kPa (Equation 2). Changing the orifice meter, and
thus the orifice area, leads to changes in the slope and y-
intercept of the linear equation. To account for this behavior
induced by the orifice area, the slope and y-intercepts of the
linearly fitted equation for each orifice meter were extracted

and used to create additional plots that relate the orifice area
to the slope and y-intercept coefficients. Quadratically fitted
equations were applied to the slope and y-intercept data sets,
Fig. 8b and c respectively. Using these equations, any orifice
area can be used to dictate the linear equation of the pressure
drop for an orifice meter that is fully sealed given a supplied
pressure.

Paoy(p) — mi(p) +b, p>50kPa )
ma(p), p < 50 kPa

Where p is the pressure, m; is the slope for when the
pressure is greater or equal to 50 kPa, and my is the slope for
when the pressure is less than 50 kPa, and b is the y-intercept.

The approximated pressure drop is used with the upstream
pressure to determine the downstream pressure, to be used
in the flow rate equation. The upstream pressure is assumed
to be the pressure coming from the pressure source. Using
the approximated pressure drop and upstream pressure the
downstream pressure is solved for, Pyop = Py — Fy.

The discharge coefficient is another parameter that needs to
be determined to accurately approximate the flow rate. This
coefficient is empirically determined and is directly influenced
by the orifice area [42]. For the sake of the current discussion,
it is assumed that the discharge coefficient is known, but the
next section will provide more details on how this coefficient
is determined for each orifice meter used. Moving along, the
orifice area, downstream pressure, and discharge coefficient
are plugged into equation 1, to approximate the flow rate.
The orifice area dictates if the flow is treated as choked
or non-chocked, since the orifice area directly affects the
pressure drop across the orifice, affecting the downstream
to upstream pressure ratio. The approximated flow rate and
iPAM’s change in volume from the previous section, are used
to estimate the iPAM’s power stroke time using the equation,
@ = A(Volume)/Time. With the approximated time and
iPAM’s power stroke displacement from the previous section,
the iPAM’s contraction displacement versus time curve is
approximated, concluding the model.

B. Discharge coefficient approximation

Experimental tests of iPAM contraction rates for different
exhaust orifice sizes were first conducted with a 100 g mass
attached on the iPAM, with the iPAM being set to a pressure
of 250 kPa, Fig 9, for each trial. The solenoid valve is then
switched to its closed state engaging the iPAM’s power stroke
by exhausting its internal pressurized air through the selected
orifice meter. This test was performed for all eight 3D printed
orifice meters. Slow motion 960fps videos were taken and
Kinovea was used for motion capture analysis to obtain the
experimental iPAM contraction position over time.

The approach for determining the discharge coefficient from
experimentally measured contraction rates involves iterating
the model 1000 times with the discharge coefficient varying
from O to 1.0. During each iteration, the approximated iPAM
contraction is compared to the experimental iPAM contraction,
and a scoring system is used to evaluate how well the selected
discharge coefficient outputs a model that fits the experimental
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Fixed
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Kinovea
tracked
point

a)

Fig. 9: iPAM contraction test: a) The iPAM is fixed on one end
and the other end is free to move. The iPAM contracts resulting in
the free end moving upwards towards the fixed end. b) Images of
the experimental setup are shown, with the iPAM in its inflated (250
kPa supplied) then contracted state, with a 100 g mass hooked on it.
Slow-motion videos were captured at 960 fps and Kinovea was used
to track the black marker and obtain the iPAM contraction position
over time.

data. The score is based on the number of points in the
approximated iPAM contraction that fall within the standard
deviation region of the experimental data. A higher number
of points within the standard deviation region corresponds to
a better fit between the model and the experimental data. The
discharge coefficients that had the second and third best scores
are used to setup the lower and upper bounds for a second
iteration of discharge coefficients. This new range is used for
a second iteration of 1000 discharge coefficients to further
narrow down on a single discharge coefficient with the best
score that corresponds to the model that has the best fit to
the experimental data (Fig. 10a). This procedure is repeated
for each orifice meter, because as stated before the orifice
area influences the discharge coefficient. With the best fitted
discharge coefficient for all eight orifice meters determined, a
function with a polynomial order of 5 was created that takes
in an orifice area and outputs the corresponding discharge
coefficient (Fig. 10b).
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Fig. 10: Discharge Coefficient Approximation Plots: a) The best
scored Co being selected and plotted against the empirical data. b)
Orifice radius (can be easily converted to its area if required), versus
discharge coefficient plot with a fitted function to the data. Is used
to output a discharge coefficient for a given orifice radius.

C. Relating the SOFD’s input to the orifice meters

To obtain an accurate approximation of the SOFD orifice
area, an additional pressure drop empirical test is conducted to
determine the relationship between the SOFD’s input and the
pressure drop (Fig. 11a). Measuring the orifice area directly
from the rack obstructing the outlet of the SOFD would lead
to inaccurate flow rate calculations, as the SOFD is not fully
sealed, resulting in an approximation that does not reflect
the actual pressure drop across the SOFD. Instead, the slope
coefficient is used to establish a relationship between the
SOFD’s input, and an effective area represented by the orifice
meter empirical testing (Fig. 11b). This effective orifice area
is used in conjunction with the quintic function derived in
Figure. 10b, to obtain a corresponding discharge coefficient
value. These two parameters are then incorporated into the
model, together with the initial internal pressure of the iPAM,
to generate an approximated curve of the iPAM’s contraction
over time, with the SOFD acting as the flow regulation device.
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Fig. 11: SOFD Pressure Drop Test: a) The same pressure drop
experiment as for the orifice meters is performed, but with the SOFD.
The red points in the graph represent the measured pressure drops at
a specific supply pressure for various angular positions of the SOFD.
b) A double y-axis plot is shown, with the slope coefficient on the
shared x-axis. This slope coefficient can be used to determine the
corresponding effective orifice area given an SOFD input. The two
y-axes represent the effective orifice area (in square millimeters) and
the angular position of the SOFD (in degrees), respectively.

D. Projectile maximum Launch Height Approximation

The vertical catapult launches a 100g projectile, driven by
the iPAM’s power stroke, as depicted in Fig. 20. The crucial
factor is the iPAM’s maximum velocity during contraction.
Once the iPAM reaches its maximum velocity, all its energy
transfers to the launch plate and thereby the mass. Once
launched, there are no further constraints on the projectile.
The iPAM’s maximum velocity occurs at the beginning of its
power stroke when it’s at maximum extension and internal air
pressure. As the iPAM exhausts its internal air, it gradually
slows down. This velocity is obtained by analyzing the model’s
iPAM contraction displacement over time output. This output
is differentiated to obtain the iPAM’s velocity during its power
stroke and therefore the maximum velocity can be determined.
The initial height of the plate is considered, as this is when the
mass’s energy is entirely kinetic, due to the maximum velocity
of the iPAM occurring at the beginning of the power stroke.
Upon reaching maximum height, the energy transforms into
potential energy. Applying the conservation of energy, the total
displacement of the projectile can be determined. However,
we are specifically interested in the projectile’s launch height
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which is the distance traveled in the air while not in contact
with the launch plate. Equation 3 accounts for this and enables
the calculation of the launch height for a 100g mass.

2
max

hprojectile = - (platefinal - plateinitial> (3)

Where hyrojectite 1S the projectile’s launch height, vp,q, is
the maximum velocity of the iPAM during its power stroke, g
is gravity, platefinq is the launch plate’s final position during
the iPAM’s power stroke, and plate;niiq; is the launch plate’s
initial position during the iPAM’s power stroke.

Total Energy (E) = Potential Energy (PE) + Kinetic Energy (KE)
m = mass, v = velocity, g = gravity, h = projectile height
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Fig. 12: Vertical Catapult Launching Motion: The proposed
vertical catapult is designed to launch a 100 g projectile. The iPAM
is what drives the vertical catapult, and its maximum velocity dictates
the launch height the projectile will reach. Using the model the
maximum velocity of the iPAM is obtained. Using this velocity,
the launch plate’s initial and final position throughout the launch,
along with the principles of the conservation of energy the projectile’s
launch height can be calculated.

IV. RESULTS

A. Experimental and predicted analysis of iPAM contraction
using the SOFD as an exhaust air flow regulator

The SOFD was used as the exhaust air flow regulator on
the same experimental setup as in Fig. 9, with the iPAM
having an initial internal pressure of 250 kPa and a 100
g weight attached to it. Slow-motion videos of the iPAM
contracting at six different SOFD inputs, ranging from 0 %
open to 100% open, were captured. The videos were recorded
at 960 fps, and the iPAM’s contraction displacement versus

time data was collected through Kinovea, a motion capture
software. Approximated iPAM contraction displacement ver-
sus time data was generated following the workflow from
Section C in the Methodology section. The inputs used for
the experimental data were repeated for the modeled data,
generating five approximated iPAM contraction versus time
data, ranging from 0 % to 100 % open. Fig. 13, shows the
iPAM’s contraction displacement experimental data along with
the modeled version.
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Fig. 13: iPAM contraction displacement versus time: A iPAM
contraction displacement versus time plot comparing the experimental
data with approximated data. Each shaded region represents the
experimental data, the dashed curves represent the model’s output,
and each colour represents a different SOFD input in terms of
percentage opened.

B. Testing the iPAM contraction model to predict projectile
maximum launch height using a vertical catapult

The vertical catapult was used to test out the workflow
strategy described in Section D of the Methodology section,
to test if the iPAM contraction versus time model can be used
to predict the projectile’s maximum launch height. The same
conditions were used as for the iPAM contraction experiments,
with the iPAM’s initial internal pressure being set to 250 kPa
and launching a 100 g mass at the six SOFD inputs, ranging
from 0 % to 100 % open. Using Kinovea, the maximum
projectile height of each launch was recorded. Using these
same SOFD inputs the iPAM contraction model as described
in Section C of the workflow diagram was generated, then
Section D was followed to come up with predicted projectile
launch height values for each SOFD input. Fig. 14, shows how
the predicted heights compare with the experimental heights.
Additionally, Table I represents the percentage error between
the mean experimental launch height against the predicted
launch height for all SOFD inputs tested.

V. DISCUSSION & FUTURE WORK

The successful modulation of the iPAM’s power by the
SOFD is illustrated in Fig. 13. As the SOFD’s % opening
increased, the time for the iPAM’s power stroke decreased,
indicating an increase in the power of the iPAM. This rela-
tionship is consistent with the equation for power (Power =
Work/time), where time is inversely proportional to power.
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flight height of the projectile with the corresponding SOFD input. The
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tube diameter ratio. The black dots represent experimental launches,
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TABLE I: Experimentally measured launch heights compared with
model predictions for different SOFD regulator settings.

% open | Experimental Model launch % error
launch height [mm] | height [mm]

0 50.395 £ 7.790 60.400 16.565%*
20 68.145 + 4.252 90.494 24.697
40 114.150 £+ 3.978 88.868 -28.449%%*
60 130.702 £ 6.312 117.246 -11.476
80 138.415 £+ 9.727 136.846 -1.416
100 138.452 £ 8.169 126.438 -9.502

* Positive percentage error corresponds to a predicted launch
height that is greater than the experimental mean launch
height.

** Negative percentage error corresponds to a predicted launch
height that is less than the experimental mean launch height.

The flow rate and orifice area are directly proportional, as
seen in the flow rate equation (Equation 1), and the flow
rate affects the time. The proposed methodology enabled
the model to follow the trend of the experimental data and
capture the effects of the changing SOFD input. The results
of the vertical catapult test in Fig. 14, also reflect the iPAM’s
power modulation by having different projectile’s maximum
launch heights at different SOFD inputs. As with the iPAM
contraction, it was expected that the projectile’s maximum
launch height increased with the SOFD’s % opening increasing
because the iPAM’s contraction rate increases with an increase
to SOFD % opening.

Looking at Table I at the lower SOFD % openings it is
evident that the model’s predicted launch heights are over-
shooting, estimating higher launch heights than what was
experimentally observed. This is because the model doesn’t
consider the iPAM interacting with an opposing force that
occurs from the damping effect at lower SOFD % openings.
During the iPAM’s contraction, it reaches a point where a
terminal exhaust flow speed is reached before the iPAM’s
internal air is fully exhausted. The iPAM’s latex tubing picks

up speed as it contracts, however it encounters the compressed
air that has been built up internally and can not exceed that
terminal exhaust flow speed. Due to the iPAM being made
from soft materials it behaves like a spring and rebounds
against that compressed air inside and stretches back. That
initial rapid displacement of the iPAM is of interest since this
is what contributes to the work done by the iPAM and the
energy transferred to the projectile being launched. The model
assumes that the iPAM’s contracts to its original position
without any disturbances and that it stops at the displacement
that was measured when 250 kPa is applied to the iPAM,
determined from the pressure versus displacement charac-
terization in Fig. 6. Considering this, it becomes apparent
that the model tends to overshoot because it predicts the
iPAM’s displacement to be greater within the same time frame
compared to the actual iPAM displacement, which is less.
Fig. 23 illustrates the comparison between the actual iPAM’s
contraction displacement with a SOFD % opening of 0 % and
the model’s estimated iPAM contraction.
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Fig. 15: Air spring damping effect incurred at lower SOFD %
openings: iPAM displacement versus time plot during the iPAM’s
contraction with the SOFD being set to 0 % opening. It is evident
that that the model is overshooting the power outputted by the iPAM
because it reaches the iPAM’s original position much quicker than
the actual iPAM at this SOFD input.

Once again, referring to Table I, it is evident that at higher
SOFD % openings, the model’s predicted launch heights fall
short compared to the actual launches. Fig. 16 illustrates the
iPAM’s contraction displacement with the SOFD % opening
set at 100 %. At higher SOFD % openings, the iPAM’s initial
contraction exceeds the maximum displacement as per the
pressure versus displacement characterization shown in Fig. 6.
In this scenario, the iPAM exhausts its internal air without any
obstruction, and due to the soft material properties of the latex
tubing, it carries its momentum forward, bending in on itself,
resulting in further displacement than anticipated (Fig. 16b).
The extra displacement obtained from the iPAM stretching
contributes to increased work done by the iPAM, generating
more power. As mentioned earlier, the model does not account
for the possibility of the iPAM displacing beyond its original
length, leading to a reduced power output in comparison to



2023 THE INTERNATIONAL JOURNAL OF ROBOTICS RESEARCH

reality, where more work is actually done by the iPAM.
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Fig. 16: Contraction displacement exceeding iPAM’s original
length at greater SOFD % openings: a) iPAM contraction
displacement plot at a SOFD input set to 100 % open showing
demonstrating the difference in displacement between the model and
what was observed. b) A screenshot of the moment when the iPAM
bends in on itself, along with an illustration highlighting the effect
more clearly.

At a SOFD input set to 40 % open, the model’s estimated
launch height undershoots by 28.45 % compared to the mean
of the observed launch heights at that SOFD input. This
highlights the sensitivity issues of the model. Following Fig.
11b, a servo degree of 64, which translates to 40 %, results
in an orifice area of 8.5135 mm2, which corresponds to a
1.6462 mm orifice radius. Fig. 17a is the same Co versus
orifice radius plot as in Fig. 10b, but focuses on the two
points where the corresponding orifice radius of 1.6462 mm
falls between. Fig. 17b, has a plot showing the model’s iPAM
contraction displacement fixed at an orifice radius of 1.6462
mm, iterating through five different Co values that the selected
orifice radius range corresponds to. Visually it can be seen that
there is variability between each modeled output, highlighting
the effect the Co value has on the model’s iPAM contraction
displacement output.

In Fig. 14, the variability in experimental launches comes
from various factors such as friction between all the moving
components, the level of the launch plate when launching, the
behavior of the iPAM between each launch, and the rack of
the SOFD. After each launch the exhaust air coming from
the iPAM can potentially change the linear position of the
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Fig. 17: Detailed look at the effect the Co value has on model’s
output at an SOFD input set to 40 % opened a) Same discharge
coefficient versus orifice radius plot as in Fig. 18b, but zoomed in on
two points where a 40 % SOFD input falls between. b) The model is
iterated through five Co values that correspond to the selected orifice
radius range, with a fixed orifice radius of 1.6462 mm (corresponds
to 40 % SOFD input) to see the effects the Co value has on the
model’s output.

SOFD rack changing the % opening. Due to the area being
worked with here being at most 16 mm?2, a slight change in
the linear position can have a large impact. Another source of
error comes from the iPAM stretching further when the mass
is placed on the launch plate. With the end cap not being
support in the vertical catapult mechanism, when the iPAM
is inflated and extended the moment arm is increased. Con-
sequently, when the mass is placed it pushes the launch plate
further down, extending the iPAM further. The model does not
account for this extra extension incurred by the mass, which
results in an increased displacement of the iPAM’s contraction.
With all these potential sources of error for the repeatability
of the vertical catapult, at most the variability between each
launch with the same SOFD input is approximately = 10 mm.
Considering that its possible to launch the projectile from
around 50 mm high to 140 mm high, the variability does not
get in the way of observing the effects different SOFD inputs
have on the launch height.

The purpose of the vertical catapult system was to demon-
strate how the iPAM’s power can be transferred into a system
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and given an application, in this case launching a projectile.
This system was used because it can be easily adapted to
a legged system used for jumping passed obstacles. If you
simply invert the proposed mechanism, the launch plate can be
used as the ‘foot,” something that is in contact with the ground,
and the iPAM is now a muscle that when contracting generates
the power for the plate to push off the ground and launch
the legged system into the air (Previous chapter demonstrates
this legged system). Fully implementing this into a mobile
legged robot that can jump over obstacles would require a
microcontroller to control the SOFD to enable the legged
system to jump the correct height over an obstacle. This is
where the proposed model comes into play because it makes it
possible to create a jump height versus SOFD input curve that
can be directly fed into a microcontroller. With this and some
sensors mounted on the legged robot, communicating back
to the microcontroller the height of an obstacle, the SOFD
can be controlled accordingly, inherently setting the desired
iPAM’s contraction rate leading to a desired jump height. In
this work the predicted launch heights can be easily translated
to predicted jump heights for a 100 g robot, because the same
principles are in effect when launching a mass and when
having an object with a certain mass jump. With the predicted
jump heights for every SOFD input a characteristic curve can
be made and implemented to a 100 g legged jumping system.

VI. CONCLUSION

The work shown here demonstrates that exhaust flow regu-
lation for a soft pneumatic actuator is an effective method to
modulate the mechanical power output of an iPAM, and more
generally as a strategy for achieving controllable high-power
actuation using SPA driven robotic systems. Moreover, it is
shown that exhaust flow regulation can be achieved through
the use of a custom proportional valve (SOFD) that is inex-
pensive, lightweight, and easily fabricated, which is amenable
to scaling and customized mobile robot design. The one-
time characterization procedure presented along with a flow
rate model is shown to be an effective method for predicting
actuator performance of controlled power modulation, despite
the imperfect, low-tolerance fabrication and construction of
the low-cost regulator valve. A vertical catapult mechanism
was constructed to validate the efficacy of the flow rate and
power modulation model, through comparison of the predicted
and measured height of a launched projectile mass. This test
system also embodies the morphology and basic function of a
robotic limb which could be leveraged in future work as the
foundation for a high-power, dynamic legged mobile robotic
platform.
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