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ABSTRACT

Variable recruitment fluidic artificial muscle (FAM) bundles
consist of multiple FAMs arranged in motor units that are
sequentially activated as load demand increases. The
conventional configuration of a variable recruitment FAM
bundle requires a valve for each motor unit, which is referred to
as a multi-valve system (MVS). As each motor unit within the
bundle is selectively recruited, this configuration is highly
adaptable and flexible in performance. However, as the number
of motor units increases, the valve network can become complex
and heavy in its design. To decrease complexity and weight, the
concept of an orderly recruitment valve (ORV) has been
proposed and analyzed. The ORV allows multiple motor units to
be controlled using a single valve that recruits and pressurizes
all motor units. The ORV concept consists of a spool valve with
multiple outlet ports and a motor unit connected to each port. A
linear actuator controls the position of the spool, allowing fluid
flow into each port in succession. Naturally, de-recruitment
happens in reverse order. The objective of the ORV is to strike a
balance between performance and compactness of design. The
purpose of this paper is to present analytical modeling that can
be used to understand the behavior and performance of an ORV
system and develop an experimental proof-of-concept that
illustrates the ORV operation in hardware. A pneumatic ORV
prototype was constructed and used to actuate two FAMs
sequentially, each representing a motor unit. The results
demonstrate the ORV as a compact system with which a variable
recruitment bundle with multiple recruitment states can be
controlled.
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variable recruitment.
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INTRODUCTION

Fluidic artificial muscles (FAMs) were invented in the
1960s by Joseph McKibben as a musculoskeletal aid to his polio-
stricken daughter [1]. The FAM consists of an elastomeric
bladder surrounded by a helically wound braided sheath. When
the bladder is filled with pressurized fluid, it radially expands,
and the kinematic constraints imposed by the sheath force it to
axially contract. FAMs have become a popular actuation choice
in mobile robotics due to their compliant nature, low cost, and
high force-to-weight ratio. FAMs were originally pneumatic,
using pressurized air as the working fluid, but recently, increased
attention has been given to the use of hydraulic artificial muscles,
as greater efficiency can be obtained due to the incompressible
nature of hydraulic fluid [2, 3].

Many models and experimental studies regarding the
behavior of individual FAMs have already been established [4-
8], but there are still ways to improve the performance,
efficiency, and adaptability of fluidic artificial muscles by
leveraging the concept of variable recruitment. A variable
recruitment bundle is a configuration of FAMs in parallel that
allows subsets of the bundle, referred to as motor units, to be
activated sequentially to adaptively respond to varying load
requirements. This control strategy originates from how the
motor units in a mammalian muscle tissue are sequentially
recruited from smallest to largest to provide fine control,
minimize muscle fatigue, and increase efficiency during varying
load needs. This is known as Henneman’s size principle [9].
Previous research regarding the modelling and fabrication of
variable recruitment bundles has shown that using variable
recruitment can improve system efficiency across a larger
operation space when compared to a single equivalent actuator
(i.e., an actuator with the same cross-sectional area), specifically
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when lower force regimes are required [10, 11]. The intuition
behind this is that for a single actuator, at low force regimes,
more energy is lost trying to throttle the pressure to achieve the
desired force. In variable recruitment, on the other hand, since
total cross-sectional area (and therefore total force) is divided
within discrete motor units, less throttling is required at lower
force regimes. Conventional methods of throttling the pressure
of FAMs within a variable recruitment bundle involve a common
pressure supply and an independently controlled valve for each
motor unit. A pressure supply consists of a pump, reservoir, and
accumulator, each of which can be sized properly to fit the
application. A system consisting of n FAMs requires n valves to
operate. However, in many applications like mobile robots or
human exoskeletons, space and mass are limited, making
multiple valves undesirable or impractical. The concept of an
orderly recruitment valve (ORV) has been proposed in a prior
work [12] as a solution to decrease the complexity of a variable
recruitment system with multiple FAMs. An ORV primarily
consists of a cylindrical body and a spool. For the purpose of
demonstrating its conceptual operation, the design of an ORV
capable of recruiting and controlling two motor units is
illustrated in FIGURE 1. There are four ports required. The
rightmost and leftmost ports are connected to the pressure source
and reservoir, respectively. The two middle ports are for the two
motor units for which the pressure will be controlled. This paper
will discuss the development of an analytical model and an
experimental proof-of-concept and hardware implementation of
the ORV.

(A) Source
pressure

B
(B) Port 1 Source
pressure

t 3

Source
Port2 Port 1 pressure

Tt + 3

FIGURE 1: CROSS-SECTIONAL VIEW OF ORV AND SPOOL
POSITIONS AT THE (A) NEUTRAL STATE WITH BOTH MOTOR
UNITS INACTIVE, (B) FIRST MOTOR UNIT ACTIVE (C) BOTH
FIRST AND SECONDMOTOR UNITS ACTIVE
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ORV CONCEPT DEVELOPMENT AND MODELING

Before we discuss the hardware implementation of the ORYV,
it is important to understand some of the theoretical background
information that motivated the development of an ORV in
hardware, first presented by Vemula and Bryant in 2019 [12].
Although there is no theoretical limit to the number of motor
units that can be pressurized by the ORY, for this analysis we will
consider two motor units consisting of one FAM each for
simplicity. As the ORV spool travels along the length of the
valve, it sequentially opens FAM ports 1 and then 2 to the supply
pressure. When ports 1 and 2 are both open, the ORV
experiences a phenomenon known as crossflow, which is a flow
coupling behavior between the two ports. Assuming
incompressible working fluid (i.e. hydraulic operation), the flow
equations for this behavior are given by:

QFAm1 = CyXpa/ | — Pylsgn(Ps — P1) — Qcy (M

where ¢, is the valve flow coefficient, P; is the supply
pressure, x,,; is the FAM port 1 opening, P; is the pressure of
fluid in FAM port 1, and Q. is a crossflow term. The valve
coefficient is given by [13]:

_ Qn 1

C, = 2
v VADPN/2 Xpmax @

where Qy and Apy are the nominal flow rate and pressure drop
for the valve and x,, 4, is the maximum valve stroke.

We can express the flow equation for FAM port 2 in a similar
manner:

QIQEIKIZ = CpXy,2+/ |P; — Pylsgn(P;, — P,) + ch 3

The crossflow equation between ports 1 and 2 is given by:

Qcr = cymax (X1, Xy, )/ |Py — Pylsgn(P, — P;)  (4)

The difference between the ORV equations and the equations for
a multi-valve system (MVS) is the presence of this crossflow
term that creates coupling between the flow of ports 1 and 2. In
order to calculate valve flow rates, we need to know the valve
spool position, which can be simulated using a second-order
differential equation [13]:

%xv + %xv +xy + thSign(xv) = Kyuy Q)
v

v

where w, is valve natural frequency, K, is valve gain, u,, is valve
control input signal, D,, is valve damping coefficient, and fj is
valve hysteresis. Simulating this differential equation for valve
position allows us to calculate ORV flowrate to the different
FAM ports as a function of valve position. We can then use these
ORV flow rates to calculate the pressure, force, and strain
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dynamics of the FAMs attached to each ORV port. If we assume
an ideal FAM model, as developed by Tondu and Lopez [4], we
can express the volume consumed by a FAM as a function of
strain:

Von = il [ b ( —x—m)—g(l—’;—?f] 6)

lo

where 7, and [, are the initial FAM radius and length, x,, is the
FAM strain, and a and b are geometric parameters, both
functions of initial braid angle ,, given by:

3
a= tan?a, ™
1
b= sin?ay ®)
The FAM force can be derived using a virtual work balance:
PdV,, = F,dx, 9)
This can be rearranged to solve for muscle force Fy,;:
AV
FE,=P . (10)
Our final expression for muscle force is given by:
E, = nréP [a(l — xl—m)2 - b] (11)
0

We can simulate the FAM force dynamics during the actuation
of the ORV by considering the pressure dynamics of the
individual FAM. These dynamics are assumed to be the result of
isothermal compression of the fluid within the FAM, given by
the following equation:

dP _ 1Q-Vp
at B Vp

(12)

where [ is the compressibility of the fluid. The time rate of
change of fluid volume of the FAM is given by:

Vo = [a(t =392 = b i (13)

The ORV flow equations and spool position dynamics can be
used to simulate the FAM pressure dynamics, and therefore the
FAM force/strain dynamics.

To analytically demonstrate the functionality of the ORV at
its most basic level, we will consider the transient pressure
behavior of a free-contracting two-FAM system with a
prescribed valve spool travel and fixed spool travel rate. The
term ‘free-contracting’” means that there is no load attached to the
FAMs. In order to analyze strain vs. time behavior of the system,
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we use a corrected model [14] that accounts for pressure-
dependent free-contracting behavior wusing a curve-fit
polynomial that depends on the specific bladder geometry and
material of a given FAM. The polynomial we have used in this
analysis corresponds to one used by Jenkins et al. [15]:

Erree = (1.242 X 10718p3 — 2,167 x 10712p?
+1.342 x 107¢P — 0.0377 (14)

We can use this curve-fit for &, to calculate each muscle
displacement x,,:

Xm = logfree(P) (15)

To find the time derivative of x,,,, we use the chain rule:

b = (42) (%)

We can substitute this expression into the equation for V,,,:

W = a1 =329 =] (G2) (@) = v (&) a7

where y is used to group terms together for simplicity.
Substituting this into equation (12) and rearranging, we get:

ap. _ @

dat BVmt+y (18)
This differential equation can be used for each FAM to simulate
pressure vs. time and free strain vs. time assuming a fixed linear
spool travel rate.

FIGURE 2 shows the plots for pressure vs. time for when
crossflow effects are neglected and when crossflow effects are
considered. Note that in both plots, pressure has been normalized
by source pressure, so the maximum value is unity. For both
cases, it is assumed that the spool is critically lapped, meaning
that the width between the two FAM ports is identical to the
spool width and the width of the two FAM ports. In addition, all
of the valve parameters and specifications were taken from the
datasheet of a MOOG G761 industrial grade electrohydraulic
servo valve.

We see that when crossflow effects are considered, the
pressure in FAM 1 drops significantly when the FAM 2 port is
opened. This is an important factor that must be considered when
designing a variable recruitment system that uses an ORV, as in
an MVS system, this crossflow effect would not be present [12].
To calculate the free strain vs. time from these plots, we would
simply use the pressure values obtained from this simulation and
substitute into the curve-fit for pressure-dependent free strain.
After constructing our proof-of-concept ORV, our goal was to
experimentally reproduce these transient pressure plots on a
qualitative level, since the exact valve parameters of our proof-
of-concept ORV design would not be known.

Copyright © 2020 ASME

120z ludy Oz uo Jasn saueiq AjsieAlun ajels ON Aq Jpd 0g€z-020zsIsews-¢00e90}L 00A/87 1 8859/€00V90L L 00A/LZ0F8/0Z0ZSISYINS/4Pd-sBulpasooid/SISYINS/B10 swse uonos|joofepBipawse//:djy woly papeojumoq



09 F

08rp

[
I
I
I
|
[
F |
0.7 h
[
0.6 F |
[
!
]

05F

04F i i

Normalized Pressure

03F ! !
0.2p & F.

0.1F e g

09 F

08r

I
I
I
I
|
I
E |
0.7 |
I
0.6 | I
I
!
I

05

04r 1 1

Normalized Pressure

03F ! i
0.2F 7 3

01F P -

0 2 4 6 8 10 12 14 16 18 20
Time (s)

FIGURE 2: (TOP) NORMALIZED PRESSURE VS. TIME PLOT
FOR FAM 1 AND FAM 2, NEGLECTING CROSSFLOW EFFECTS
WITH FIXED SPOOL TRAVEL RATE OF 2.16 MM/S. (BOTTOM)
NORMALIZED PRESSURE VS. TIME PLOT FOR FAM 1 AND
FAM 2 CONSIDERING CROSSFLOW EFFECTS WITH FIXED
SPOOL TRAVEL RATE OF 2.16 MM/S.

ORV DESIGN CONSIDERATIONS

To demonstrate the working principle of an orderly
recruitment valve, we developed and tested an in-house
prototype. The design proposed in prior work highly resembles
a spool valve. The manufacturing practice concerning the quality
of a spool valve (i.e., tolerances required for a sufficient sealing
mechanism while minimizing friction in the piston movement)
is already well established in the industry. However, as a
preliminary proof-of-concept, the ORV prototype was made
with a combination of off-the-shelf components and 3D-printed
parts.

FIGURE 3 shows a cross-sectional view of the ORV with
the parts labeled. The ports for the source pressure and the two
motor units are indicated in FIGURE 3 from right to left. The
leftmost port can be vented for a pneumatic system or connected
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to a reservoir for a hydraulic system A key component in any
pressurized setup is the sealing mechanism. The ORV requires a
seal between each spool and the inner surface of the chamber. To
create a reliable seal for the prototype, we used parts from a
syringe because they were easy to acquire and modify. The
syringe body provided the smooth inner surface that was not
possible from a 3D-printed part. The rubber caps of the syringe
pistons were used on the outside end of each piston to ensure a
sealing mechanism that could operate up to 50 psi. The syringe
body was tightly fit into a 3D-printed chassis and the gap was
sealed using epoxy. The purpose of the body was to provide a
solid interface between the inner chamber and fittings used to
connect the ORV with the source pressure and FAMs. To ensure
a tight seal, a revolute joint was used to connect the two spools
to account for any misalignment that would cause a gap between
the rubber cap and chamber wall.
Syringe body

‘ Rubbler cap

3D printed chassis

Revolute joint

Spools

FIGURE 3: CROSS-SECTIONAL VIEW OF ORV WITH
INTERNAL PARTS LABELED

PROOF-OF-CONCEPT DEMONSTRATIONS

We devised a simple experiment to demonstrate the ability
of the ORV to sequentially recruit two different motor units and
observe the transient pressure behavior shown in the analytical
section of the paper. The ORV was tested using two FAMs, each
representing a motor unit. One end of each FAM was connected
to a rigid plate and the other ends were free to contract without
any load. The FAMs were made to be identical with an initial
braid angle of 33° and bladder inner radius of 4.76 mm. The
spool rod of the ORV was connected to the ball nut of a ball
screw setup, which was driven by a stepper motor. Pressure
transducers were connected to each FAM to measure the change
in pressure. The strain of each FAM was measured from a video
taken by a camera. A regulator was used to set the source
pressure to a desired value. Although the experimental results
presented in this paper are limited to a pneumatic system, future
studies will involve the use of a hydraulic power supply for
which a blast shield was designed to protect the user and
equipment from potential failures of the FAMs or the ORV. For
preliminary results, there was no closed-loop feedback used for
the control of source pressure, spool position or FAM strain. A
Labview DAQ was used in the open-loop control of the stepper
motor and pressure measurements for each FAM to ensure that
they were synchronized.
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FIGURE 4: THE ORV TEST SETUP PLACED IN ITS BLAST
SHIELD IN PREPERATION FOR HYDRAULIC TESTING

FIGURE 5 shows the pressure measurements for FAM 1 and
FAM 2 as the spool is actuated to move along the valve at a
constant rate. The source pressure was set to 138 kPa (20 psi).
As the spool moves across, the ports connected to FAM 1 and
FAM 2 open sequentially, activating the FAMs. As the port
connected to FAM 1 is opened, the pressure initially starts at zero
and reaches a constant value as the port is fully opened. As the
second port is opened, the pressure for FAM 2 rises until it
reaches a constant value. Although, they fall short of a full
validation of this behavior, these results demonstrate the
qualitative behavior shown in FIGURE 2. This is because the
dynamic effects such as crossflow are less evident in this
experiment since the working fluid was compressed air. Contrary
to the simulation result that shows a decrease in FAM 1 pressure,
experimental results show the opposite behavior. The pressure of
FAM 1 starts increasing until both FAMs reach a new
equilibrium. One setback of this set of experiments is that the
source pressure was controlled using a regulator which may have
allowed it to fluctuate as the FAMs were activated. Future work
will involve a transducer to monitor the closed-loop control of
the source pressure.
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FIGURE 5: PRESSURE MEASUREMENTS SHOW THE

SEQUENTIAL ACTIVATION OF FAM 1 AND FAM 2
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A comparison of the measured and theoretical free strain is
illustrated in FIGURE 6. Theoretical free strain, shown in solid
lines, is computed using a quasi-static model of FAMs. Among
many models in the literature, a virtual work-based model
developed by Klute et al. [5] that incorporates the hyperelastic
behavior of the bladder was used. The elastic force of the bladder
is critical in capturing the pressure dependent free strain of
FAMs. The curve-fit free strain function used in the analytical
section could not be used for the FAMs in this experiment, since
they had different characteristics from the ones used to generate
that curve fit. We observed that theoretical values are greater
than that of measured values, which is expected when using this
model as it tends to be accurate in predicting blocked force but
overpredicts free strain. Despite discrepancies in the strain
values, the simulation and measured strain demonstrate the
ability of the ORV to sequentially activate two FAMs.
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0.25+ FAM2
= = =FAMI1 - experiment
= = = FAM2 - experiment
02
g - = -
=
E 015
e | 1 {fEmm—- ~
z
]
o1 ], memm—-—-—
0.05
0 sk 1 i
0 2 4 6 8 10

time (sec)

FIGURE 6: COMPARISON OF THEORETICAL STRAIN AND
MEASURED STRAIN OF FAM 1 AND FAM 2

CONCLUSION

In this study, an orderly recruitment valve (ORV) was
designed and tested to demonstrate its feasibility. Compared to
the MVS configuration, which requires one valve for each motor
unit, the ORV design enables multiple motor units to be
sequentially activated with one valve. The ORV reduces the
complexity of the fluid power circuit by reducing the number of
valves needed. However, it also assumes recruitment states to be
activated in a prescribed sequence, while the MVS offers the
additional flexibility to adjust recruitment sequence during
operation. This study provides preliminary results that
successfully demonstrate the ability of the ORV to sequentially
recruit FAMs in a manner similar to that predicted by the
analytical model of the ORV. Moving forward, a direct
comparison of the ORV to an equivalent MVS will better
highlight trade-offs associated with the ORV, such as deadband
and crossflow.
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