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ABSTRACT

This paper reports on the design of a biorobotic
actuator. Biological requirements are developed from
published reports in the muscle physiology literature

polio patients’ by J. L. McKibben [2]. Powered by
compressed gas, the actuator is made from an inflatable
inner bladder sheathed with a double helical weave which
contracts lengthwise when expanded radially (see figure
2). This paper begins by identifying the performance of

whose parameters are extracted and applied in the form ofbiological muscle to provide design requirements and

the Hill muscle model. Data from several vertebrate

species (rat, frog, cat, and human) are used to evaluate theactuators.

performance of a McKibben pneumatic actuator. The

experimental results show the force-length properties of purposes.

the actuator are muscle-like, but the force-velocity

desired performance specifications for artificial muscle
Experimental results from tests with the
McKibben actuator will then be presented for comparison
Faced with an obvious discrepancy, we will
propose a practical solution. The simulation results of our

properties are not. The design of a hydraulic damper with proposed solution appear reasonable.

fixed orifices, placed in parallel with the McKibben
actuator, is proposed to improve the force-velocity
performance. Simulation results of this practical design
indicate a significant improvement.

1 INTRODUCTION

The growth era of robotics, through the mid-1980’s,
was heralded by the introduction of automation into labor
intensive industries. As with any market inefficiency, the
easy problems were tackled first to maximize the return
on investment. However, as the robotic industry’s growth
declined in the 1990's, it was clear the hard problems
were left. One of the most challenging problems is the
ability of a robot to productively interact in an
uncontrolled environment. Human labor remains the
most effective means of solving this problem.

The “Biorobotic” approach to solving this problem is
to emulate the very properties that allow humans to be
successful. Each component of the biorobotic system

2 BIOLOGICAL MUSCLE

Biological muscle can be modeled as an actuator
whose output force is a function of length, velocity, and
level of activation. The muscle physiology literature
contains numerous reports identifying the relationship
between force and length during isometric contractions
(constant length) when the activation is maximal. Figure
3 presents this relationship in a dimensionless form for
rat, frog, cat, and human muscles, as well as for the
McKibben actuator [3-6]. Along the ordinate, the
instantaneous output force at any length is normalized by
the output force at the muscleis-vivo resting length,
while along the abscissa, the instantaneous length is
normalized by than-vivo resting length. As is readily
observable, the passive properties of muscle allow it to
stretch far beyond itén-vivo resting length, while the
McKibben actuator cannot. However, for lengths less
than resting, the McKibben actuator provides a first order

must incorporate as many of the known aspects of suchapproximation of biological muscle.

diverse areas as  neuromuscular  physiology,
biomechanics, and cognition to name a few, into the

design of sensors, actuators, circuits, processors, andvelocity.

control algorithms (see figure 1).

Another important property of biological muscle that
cannot be ignored is the relationship between force and
In general, it is well known that at a constant
level of activation, the output force of biological muscle

The research presented in this paper describes thedrops significantly as contraction velocities increase.

development of one component of the biorobotic system:

Numerous models of this phenomenon have been

the actuator. Our approach uses a pneumatic device thafproposed, but the most enduring has been that of Hill [9].

was developed in the 1950’s as an orthotic appliance for
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The Hill muscle model captures perhaps 90 percent of Minnesota, USA) tensile testing instrument. Each
what is relevant for organism level biomechanics with a experiment measured the force output at a constant
simple, hyperbolic equation. The generic form of this is pressure over the working contraction range at various
equation is given by: velocities. We limited the input pressure to a maximum

[Fm+a][Vm+b] = [Fm,o+a]b (1) of 5 bar out of consideration for typical industrial air
where Fm is the instantaneous muscle fordéy is the compressors. T ensure maintenance of a constant
) ) ] ] ; pressure while the actuator changed shape during a
instantaneous muscle velocity, afth.o is the isometric  ¢oniraction, we attached a pressure vessel whose volume
muscle force at the muscle’s “resting” lengtm.¢). The was significantly larger than the actuator (4000:1
constants aand b are empirically determined and minimum volume ratio).  The instrument's digital
depend not only on the species of interest, but also on thecontroller was used to input velocity ranges from 0 mm/s
type of muscle fiber within a species. to 300 mm/s. Up to 500 mm/s is possible, however,

Values from the muscle physiology literature for the instantaneous fluctuations in velocity of 15 percent were
parameters in equation (1) are given in table 1 for the rat, measured during trails at 500 mm/s. The magnitude of
frog, cat, and human [7, 8, 10-12]. Muscle physiology these fluctuations decreased at lower velocities, and was
data such as this has been used to model gait, musculo/ess than 9 percent at 300 mm/s and 6 percent at 200
skeletal diseases, and development of motor control MM/sec. This anomaly is thought to arise from the
theories to name a few. To compare how biomechanic hydraulic pump.
investigators have used this type of information, table 1 ~ The actuator whose results are presented here was
also includes values from several of these models [13-16]. constructed with a natural latex rubber bladder with

Examination of the parameters in table 1 clearly interior diameter of 12.8 mm (3/8 in) and a 1.6 mm (1/16
indicates there is a wide range of possible values. Figure 4in) wall thickness. The braid had a “nominal diameter” of
plots the results of equation (1) and data from table 1 31.75 mm (1.25 in) based on Alpha Wire Corporation’s

using points for the animal data and lines for the pI’OdUCt Specifications (NeW Jersey, USA) Although
biomechanic models. The figure shows significant Not shown, we also constructed both smaller and larger

variation across animals as well as variation among actuators whose performance was similar. To minimize

published muscle models purporting to portray the tip-effects at the actuator's ends, the actuators were

performance of humans. constructed such that their length to diameter ratios were
In order to identify the range of performance that atleast14.

would be acceptable for a biorobotic actuator, a

reasonable envelope based on table 1 data is given by: ~ 3-2 EXPERIMENTAL RESULTS

0.12sa/Fm,oS0.4l (2a) The experimentally measured output force of the
0.22<b/Vm0<0.52 (2b) McKibben actuator, plotted as a function of both length
and velocity, is shown in figure 5. To compare with the
for Fi/Fm.0<1.0 andVm/Vin.0<1.0. “enveloped” properties of biological muscle (equations 1
and 2), a portion of this data is re-plotted as force versus
3 McKIBBEN ACTUATOR velocity at a constant length in figure 6. In the muscle
physiology literature, it is common to select the muscle’s
The McKibben actuator has been suggested as anin-yivo resting length as this constant value; however, our
actuator whose performance is similar to biological test set-up requires a few milliseconds to reach the target
muscle [17]. As shown in figure 3, this is true for the velocity. Therefore, in figure 6, the experimental data
force-length relationship, but little is known regarding the 5,4 piological model valuesHm and Vim) were taken
force-velocity relationship.  To provide data for o, the actuator's lengthe() was slightly shorter than

comparing with biological muscle, we conducted an _ _
experiment to measure the force-velocity properties of the the resting length (such thatm =0.96lmo). ~ The

McKibben actuator. maximum force of the McKibben actuatofFf,0) was
734 N under static conditions (0 mm/s), and decreased
3.1 EXPERIMENTAL METHODS with increasing velocity. At 300 mm/s, the output force

was 690 N, a decrease of only 6 percent.
To measure the force-velocity properties of the
McKibben actuator, we conducted a series of experiments
with an axial-torsional BioniXx (MTS Systems Corp.,
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3.3 EXPERIMENTAL DISCUSSION

From the experimental results, it is evident that the
McKibben actuator has only a small amount of natural
damping. The output force is clearly a function of length,
but changes in velocity have only a small effect. When
compared to a well-known model of biological muscle, it
is clear that the current McKibben actuator has

P. vi> P2 v2?
="

p 29 p 2 (5)

where P is pressureV is fluid velocity, p is the fluid
density, andg is gravity. The subscripts 1 and 2 refer to
cylinder and orifice locations.

Furthermore, conservation of mas¥l§ demands:
M = me
(6)

significantly different performance than biological muscle such that:

with respect to velocity. By adding additional damping, it

may be possible to create an improved actuator whose

properties are muscle-like with respect to both length and
velocity.

4 PARALLEL DAMPING ELEMENT

where A
enhancement to this equation is the multiplication of a

discharge coefficientCd ) to the right side of equation

PA1VL = pAV2 )

is the cross-sectional area. An empirical

(7). This coefficient accounts feena contractureat the

orifice, an effective reduction in cross-sectional area. The

One method for increasing the damping is to add a value of this coefficient can be as low as 0.61 for very

hydraulic damper in parallel to the pneumatic McKibben
actuator as shown in figure 7. An actively controlled

high Reynolds numbers, however, we have set this
parameter to 1.0 for our simulations but plan future

orifice with a fast response might be able to perfectly €XPerimental measurements.

mimic biological muscle. However, such an orifice
would add a significant level of complexity to the system.
Our approach is to add a passive, fixed orifice damper in
order to minimize the additional complexity. Adopting
this approach results in a simpler system, albeit with a
corresponding loss in potential performance.

For a damper in parallel with the McKibben actuator,
the desired damping forcd=yd) is simply:

thd = Fmek — Fm (3)

where Fmck is the McKibben actuator output force
whose value can either be taken from experiment or from
a model published elsewhere [3].Fm is the force
produced by biological muscle, modeled by equations (1)
and (2).

For small hydraulic components, a common design
constraint is the maximum allowable cylinder pressure
(Pey) identified by the manufacturer. This constraint,
along with the desired damping force, allows calculation
of the hydraulic cylinder’s inside diametep():

2
thd = % %cyl ( 4).

For a cylinder with a maximum allowable pressure of
6.8 MPa (1000 psi) and a maximum damping force of
approximately ~700 N, the minimum cylinder diameter is
11.4 mm. A number of small bore cylinders are
commercially available.

Approaching the problem of calculating the desired
orifice size using conservation of energy, Bernoulli's
equation can be written as:

Substitution and simplification yields an equation for
determining the ideal orifice size:

i_ e @’ p
8F4Ca? + prip® vi° Ca?

8)

where @2 is the orifice diameter.

Equation (8) gives the instantaneous orifice diameter
required to obtain the precise amount of damping desired.
However, as previously noted, such an orifice would add
a significant level of complexity to the system. The
damping force generated by a fixed orifice damper can be

H ¢

calculated from:
HCo?2" ﬂ% ©)

2y, 2
Fhyd = o V1
8

Since the hydraulic damping force is a function of the
square of the velocity, the shape of the force v. velocity
curve will be convex instead of the desired concavity
exhibited by biological muscle. However, if the fixed
orifice size is selected based on the expected range of the
application’s velocity, the effect of this error can be
minimized.

5 SIMULATION RESULTS

Combining the experimental dataFfick) and the
damper force Fnyd) as predicted by equation (9), the
ability to generate muscle-like output can now be
assessed.

If a perfect, Hill-like damper were placed in parallel
with the McKibben actuator, the results would be as
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shown in figure 8.
orifice whose diameter can be varied instantaneously. A
design based on a fixed orifice would actually require two

This perfect damper relies on an ACKNOWLEDGEMENTS
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rod and bore sides of the cylinder. Simulation results,

predicting output force as a function of both length and REFERENCES

velocity, are shown in figure 9 for the orifice, cylinder,
and hydraulic fluid values given in table 2.
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Table 1: Force v. velocity data from the muscle R Vel
physiology literature for use in equation (1). See text for
explanation of parameters. Figure 1: Biological and synthetic aspects of biorobotic
Animal a/ Fmo | Fmo b/Vmo | Vimo systems [adapted from 1].
Model | one |-N -none | mm/s
Rat 0.356 4.30 0.38 144
Frod 0.27 0.67 0.28 42
Caf 0.27 0.18 0.30 191
Humari | 0.81 200 0.81 1115
Skeletal | 0.224 0.224
Muscle
Modef , < , < ) ,
Human | 0.41 3000 0.39 756 Figure 2: McKibben actuator with exterior braid and inner
Humard | 041 | 2430 041 | 780 elastic bladder.
Humar | 0.12 0.12
'Rattibialis anterior muscle at 38 degrees C [10, table 1]. 12 o
*Frogsartoriusmuscle at 0 degrees C [11, figure 5]. 14 . - oo
*Cattenuissimusnuscle at 37 degrees C [7, figure 1]. 2 i h
‘Humanpectoralis major in-vivpsternal portion at 37 degrees C % 0.8 1
[8, figure 1; but see also 12]. é y
°*Model of generic skeletal muscle [13, equation A-22 and B-8]. © 061 Rat
Woittiez’s dimensionless model did not require the specification 2 041
of Fm,o or Vm,o. L\IE_
*Model of humartriceps surad14]. 024 )
'Model of humartriceps surad15]. o /7 MoKibben ‘ ‘ ‘ ‘
*Model of humartriceps surag[16]. Hof and ven den Berg's 06 07 08 09 1 11 12 13 14

model did not require the specification bfm,o or Vm,o . Lm / Lm.o - dimensionless

Figure 3: The dimensionless relationship between force
and length under isometric conditions at maximal
activation for various animals as well as a McKibben
actuator pressurized to 5 bar.



IEEE/ASME 1999 International Conference on Advanced Intelligent Mechatronics (AIM '99)
September 19-22, 1999 in Atlanta, GA

1
1\ ® Rat
0.9 \ ®Cat
081 \“", A Bobbert et al. 1986 * Frog
a W and Ay
2071 \' Bobbert & Ingen Schenau 1990 uman
v A
2067 1%
GE) L A
Eos| o
© 0.4 N * A
N ‘\.
£ 0.3 N N
| Woittiezetal. > g A
=02 1984 Tl e A
0.17 Hof & van den Berg \\“\l:;;’_’_--,._, 5
1981 e T
0 ; . . . ) . . .
Figure 7: A hydraulic damper with orifice flow control
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valves in parallel with a McKibben actuator.

Vm/Vm,o - dimensionless

Figure 4: Predicted output force over a muscle’s velocity
range for four different animals and four published
biomechanic models.
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Figure 5: McKibben experimental data plotted as a
function of both length and velocity. The ripples along a
specific velocity are artifacts of the hydraulic pump used
in the testing instrument.

in parallel with perfect, Hill-like damper.

Figure 8: Predicted output force of a McKibben actuator
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Vm /Vm,o - dimensionless

Figure 6: McKibben actuator force output as a function of
velocity compared with animal “envelope.” The length of

Figure 9: Predicted output force of a McKibben actuator
in parallel with a passive, fixed orifice hydraulic damper.

the muscle and actuator for which these curves are plotted

are explained in the text (section 3.2).



