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Abstract Cerda and Goodwin 1995; Klute and Hannaford 1998; Kings-
ley and Quinn 2002; Shadow Robot Company 2005; Paynter
Within braided pneumatic Muscle Actuators (pMA) the braid StruclggG; Inoue 1987; Festo Brochure; Bergemann’ Lorenz and
ture is vital to the actuator’s performance, preventing over-inflationy g (lemer 2002). In essence, there is a flexible inner cylindri-
converting radial expansion into axial contraction and setting lim-

. o . , cal containment layer and an outer cylindrical braided woven
its for both dilation and contraction. This paper seeks to explor?a

the nature of the contractile limit and the hysteresis observed b%yer Wlth end caps to _Seal the Cyllr_ld_ers. The inner I_ayer has
researchers during the actuation cycle. the function o.f enclosing and. retaining thel pressupzed ggs

Maximum actuator dilation occurs when adjacent braid strand&Sed to energize the muscle (i.e., prevent air escaping) while
are forced against one another. Within this work this is analyzete outer braid which is in the form of a double helix forms
mathematically and itis shown that by halving the number of strand Vital component that is the determining feature of many of
used to create the braided shell the actuator’s contractile range cainie characteristics exhibited by the actuator. Attributes derived
be increased by approximately 7%. This also results in a simultanfrom the braid included the following:

ous peak contractile force increases of over 16%. These results are ) o ) )
verified experimentally. (i) Actingasarestraining layerto preventthe over-inflation

Hysteresis due to friction between braid strands during muscle  Of the pressurized muscle, thereby preventing rupture.
operation is also explored. The paper will show how consideration of (ii)
the deformation of the strands allows the contact area and therefore
friction to be calculated without the need for experimentally obtained
data as in previous research. A mathematical model is produced and
verified experimentally.

Convertion of the largely radial expansion into axial

contraction when the actuator is pressurized, thus gen-
erating the drive force needed to function as an actuator.
It should be noted that the actuators can be used in an
expansive mode (Walker et al. 2005) by compressing

KEY WORDS—actuators, braided pneumatic Muscle Actu- them beyond their contracted length before pressuriza-
ators (pMA), McKibben muscles, friction, modeling tion.
(i) Setting of the limits of dilation and contraction. Model-
1. Introduction ing of the actuator has shown that a limit for contraction
occurs at a braid angle of 54.¢Schulte 1962). Lim-
Braided pneumatic Muscle Actuators (pMA) are a family of its for dilation (stretch) of the muscle are also set by

pneumatic drive that combine antagonistic characteristics of  the braid but in this instance this is determined by the
softness and compliance with powerful and accurate motion.  npature of the weave.

There are a variety of techniques and materials used in the o o
construction of braided pMA (also known as McKibben mus- (i) Energy losses caused by friction between braid fibers
cles) but to a very great extent the fundamental principles of ~ causes a hysteresis component in the models of the ac-
the fabrication do not vary (Schulte 1962; Chou and Han-  tuators that reduces the contractile force and increase

naford 1996; Tondu and Lopez 2000; Caldwell, Medrano- the control complexity. Previous work has shown that
_ . friction can be modeled experimentally (Chou and Han-
\T/he International Journal of Robotics Research naford 1996; Tondu and Lopez 2000) but where these
ol. 25, No. 4, April 2006, pp. 359-369 . . .
DOI: 10.1177/0278364906063227 experimental data are not available theoretical model-
©2006 SAGE Publications ing is impossible using this technique.
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Pneumatic Muscle Actuators have a number of charactehe actuator ab=54.7. The maximum dilation (minimum
istics that may be of use in the field of robotics, such as hidbraid angle) is limited by one of two factors, either by adja-
power-to-weight ratios, compliance and low cost of manufacent braid strands being forced against each other or by the
ture. This has resulted in them being used in a wide range dimeter of the inner bladder being so large that it prevents
application. These include industrial robots (Inoue 1987), fall braid dilation. The proceeding analysis considers the case
nuclear waste manipulator (Caldwell et al. 1999), the walkwhere the inner bladder has a diameter small enough to allow
ing robot Airbug (Berns et al. 2001) and a Microrobot Crickefull braid dilation. This minimum braid angle can therefore
(Birch et al. 2000). vary depending on the weave pattern (typically a 2/2 Twill

In his early work Schulte demonstrated that pMAs coul@Braidweaver 2005)), the fiber material and the diameter of
contract by up to 35% and developed a static model relatirige fiber. Typically the fully dilated braid angle is around 20
the force, supply pressure and contractile behavior (Schult€aldwell, Medrano-Cerda and Goodwin 1995).

1962). This model was typically accurate to within 10-20% The contractile range of the actuator is the difference be-
for forces over the full operating range. Subsequently thtsveen the length of the actuator at the minimum and maximum
model has been refined by several groups that have condilaid angles. As the maximum braid angle cannot be changed
ered the effects of rounding of the terminal ends of the ader this type of actuator it follows that the only way to increase
tuators (Tsagarakis and Caldwell 2000), finite thickness ithe dynamic range is to permit the muscle to achieve a lower
the containment layers (Chou and Hannaford 1996), fatiglogaid angle.

life (Klute and Hannaford 1998; Kingsley and Quinn 2002) Previous studies of the minimum braid angle have been
and stretch of the braid fiber (Davis et al. 2003). Models haugased on experimentally measured interweave angles; how-
shown that the limit for contraction occurs at a braid angle adver, no theoretical basis or limit for the angle has been pro-
54.7 (Schulte 1962). Limits for dilation (stretch) of the mus-duced. To calculate the theoretical minimum angle consider
cle are also set by the braid but in this instance are determinedhort section of braid around the muscle’s circumference,
by the nature of the weave. Figure 1(a). This section can be “unrolled” to form the weave

It has been observed by Chou and Hannaford (1996) apdttern shown in Figure 1(b), the axis is aligned along the
Tondu and Lopez (2000) that during operation there is langth of the actuator. Letting each strand crossover point be
force/displacement hysteresis in the muscles caused by frisitown as a node, the distance between nodes wily bthe
tion between the braid stands. Chou and Hannaford producgidtanceC is the circumference of the muscle dnslthe inter-

a model including an experimentally obtained force offsettrand separation. To calculateconsider the case whete
which was added to calculated forces during muscle contras-90. At this pointC = 2.1 - N. where N, is the number
tion and subtracted during extension. Tondu and Lopez toak nodes in one circulation of the muscle’s circumference. In
this concept further by attempting to quantify the offset forc€igure 1(b),N. = 3.

by modeling the friction. Although the model produced was Whend = 90 itis known thatC = = - D, whereD, is the
more accurate than that of Chou and Hannaford it still relietheoretical muscle diameter at%hd is found from (Schulte
on a degree of experimental data. 1962)

Within this paper Section 2 develops a method of determin- b
ing the minimum achievable braid angle for any given braid D, = Q)
material. This is critical in determining the maximum dilated
length of the actuator and thus its contractile range. Furth&hereb is the length of one strand used to form the braid
this analysis identifies a method for increasing both actuatdfdn is the number of times this strand spirals around the
contraction and peak force output through modification to trctuator.
braid material. The actuator friction/hysteresis and its mod- Therefore
eling are considered in Section 3, and a method is presented w-D,

n-m

that enables theoretical actuator friction models to be devel- = 2.N. 2)
oped without reference to experimental results. Section 4 has o
conclusions based on the work. and node separatio@ Is given by
G =2-1-siné. 3)
2 Braid Effects on the Limits of Contraction Figure 2 shows the structure of the braid if it is assumed

that only one strand, of thickness\follows each path. In
The limit of contraction of pneumatic Muscle Actuators iSreality each path is traced by several parallel strands but this

typically 30-35% (Caldwell, Medrano-Cerda and Goodwir‘lees nOtsﬁZCt the _prir(ljciﬁle of the analysis.
1995) and is usually defined in terms of a change in the inter- tcan be determined that
braid angle ), Figure 1. At the fully contracted position the Wy 4)

; ; ; . : X=Ycos) =Y = .
inter-braid angle is set by the energetics of the operation of 2. cosy
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Fig. 1. Braid material (a) and unrolled (b).

Fig. 2. Braid structure assuming single strands.
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From Figure 2 it can be seen that the minimum braid angle
Omin OCCUrs whenG = 2 - Y so from (2)—(4) the following
equation fom,,;, can be produced:

sin <2~ Wp - NC)
- Dy

. 5

5 (5)

It would be more useful if this equation was in terms of the
known quantitieD, and N, the strand diameter and number
of strands respectively. This can be achieved as follows:

Ormin =

WBZDs'S (6)

and

N
28

where D, is the diameter of one strand,is the number of
parallel strands and¥ is the number of strands used to create
the complete muscle. The equation for the minimum braid

angle thus becomes
. Dg- N
sm1< > )
T - D()

2

This angle will be a constant for any actuator irrespective of
length, assuming that the valuesBf, S and N remain un-
changed. However, in practical design applications it is more
useful to know the maximum dilated length,(,) of an ac-
tuator. This can be calculated using the equation for actuator
length introduced by Schulte (1962):

Ne (7)

emin =

(8)
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angle. Ittherefore follows that by reducing the minimum braid
- N)/ } angle the peak actuator force can be increased. Equation (10)
2

- shows the ratio of the theoretical force (using the basic force

) equation (Schulte 1962)) for a braid angle of both aad
20. It can be seen that the force at 1®approximately 16%
higher than that at 20which represents an increase of peak
static force of 16%:

. D
Lmax="b-C08min = Lnax =5 - cos[sm‘l(
- DO

2.1. Experimental Results

To verify the accuracy of the new braid angle model, tests 7D P
were conducted on a sample of braid material, Figure 3(a), Fo g G co$10-1)
with the following properties: Fon =D p =116 (10)
— 9 " (3c0820-1)
D,=0031m D,=025mm N =240 S=3. 4

Each braid sample to be tested was suspended verticdfiyshould be noted that during testing the samples only in-
with the upper section held securely in a clamp and the low&fded the braid material; the internal rubber bladder was ab-
end loaded with a 3.2 kg mass which extends the braid gent. Therefo_re, to aghleve such a braid angle in a completed
its maximum length. The minimum braid angle was th(_‘,ﬁtctuatorthedllate_d dlameteroftherubberbladder_u_sedshould
recorded: this was achieved by photographing the braid, i€ €SS than the diameter of the braid at afgle If this is not
larging the print and then measuring the angle. Measuremeffi€ case the bladder will prevent the minimum braid angles
were take at ten points along the length of the braid (avoidirgfind reached.
the extreme ends where the clamps prevented the minimum
angle being achieved). The number of strands used to fo?- Braid Area

the braid was then reduced (reduciNg, by the removal of When fewer strands are used in construction of the actuator

mdmdual strggds V\llh'ISD” and_Dj remgmded constant. The this results in a more open structure, particularly as the muscle
minimum braid angle was again recorded. is pressurized. In its contracted state the muscle braid is now

Figure 3 shows the braic_j atits fully extended 'ef‘gth Witr}nuch more open and the gap between strands is larger than
the number of strands\) being used to form the braid equalm a standard muscle. In some instances this may present a

to 240;)” FigureS(a),h160.in.Figuri3(%) andI12bO in Figure 3(C| roblem due to the internal bladder passing through the gaps
It can be seen that the minimum braid angle becomes sma d rupturing. It is therefore useful to know the relationship

as the number of strands used to for'm_ the braiq is reducqgly een the strands and the inter-fiber gap.
Table 1 shows t_he mean measured minimum braid angles an rom Figure 1itcan be seenthatthe spacing between nodes
the corresponding calculated values. It can be seenthat the wag
values correspond closely with particularly good agreement
for N equal to 120 and 240. G = < =G = m-D (11)
The dilated length of the actuator and therefore its stroke N, N,
length is determined by the minimum braid angle and thergzhere D is the diameter of the muscle and is given By -
fore this can be increased by making the angle as small §if . Substituting this and (7) into (11) results in an equation

possible. For the braid tested here reducing the number fgf the node separation in known material properties:
strands used to form the braid from 240 to 120 resulted in 2 Do - sing
. j'[ . o .

an increased actuator stroke length of approximately 7%. By G =
studying eq. (8) it can be seen that as well as reducing the num- N
ber of strands used to form the actuator the minimum brafk can be seen in Figure 2 the shape of the braid gaps is a
angle can also be lowered by using strands with a smalldrombus of widthZ:
diameter.

The force generated by a muscle is dependent on braid an- Z=G-2r. (13)

gle with the largest force being generated at the smallest brai@bstituting in egs. (4), (6) and (12) gives

2S-m-Dy-sind  Dg-S
z="2T100 e B (14)
N cost

The maximum area of the rhombus occurs at a braid angle of

(12)

Table 1. Experimental Configurations

Ormin Standard Brmin X . 2
N Measured Deviation Calculated 45 and has an area given 53" therefore
240 18.9 0.57 19.0 <2s .7 -Dy-sind5  Ds-S\?
160 13.7 1.16 12.1 N ~ Cosd5
120 9.6 0.97 9.0 Aredya = > (15)
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Fig. 3. Braid constructed with a range of strand numbers N.

For the braids tested the maximum gap area increased from
0.22 mn# for the braid consisting of 240 strands to 2.84 fnm
when 120 strands were used. This represents a significant en-
largement, greatly increasing the chances of the inner bladder
passing through the gaps and rupturing. Anecdotal evidence
suggests thinner bladder material is more likely to rupture and
future work will study the nature of the bladder material and
extend equation (15) to determine the point at which failure
will occur.

2.3. Braid Failure

A second problem associated with removing braid strands is
the reduction in overall braid strength. The radial force gen- D
erated on the surface of the actuator, caused by the internal
pressure, causes_stretchmg qf the braid strands (Davis EtIf}lg. 4. Cut through actuator with strands considered as
2003). The force is equally distributed between each of the~: .
strands but as strands are removed so the force on each ir|]|ac|j_|V|duaI bands.
vidual fiber increases and this will ultimately become so high
that the structure fails. It is therefore essential for safety rea-
sons that it be determined whether the braid used is capable
of withstanding the forces to be applied to it. The total force in the vertical direction causing strand
To determine this the stress on an individual strand is astretch equal® - D - L therefore the force on each band is
alyzed. Due to the weave pattern the path of a single strand
is a spiral along the length of the actuator circling times.
Each circlingn can be considered as a band around the cir- n-N

cumference of the muscle. Hoop stress analysis can then\ggerer is the number of times each strand encircles the ac-
used to determine the increase in diameter of the band whggtor andw is the total number of strands used to form the

a pressure is applied inside it (Ross 1987; Drucker 1967). actuator. Therefore, the stress on each band is
Hoop stress analysis is performed by considering the case

where a cut is performed through the hoops at their widest P-D-L
point, as can be seen in Figure 4, and subsequently resolving g__nN _ _P-DL
the forces. 2 - Asrand 2-n-N - Asgang

>

P-D-L (16)

(17)




364 THE INTERNATIONAL JOURNAL OF ROBOTICS RESEARCH / April 2006

where Aqang IS the cross-sectional area of the strands in thihan that of Chou and Hannaford, the method of producing it

same plane as the cut shown in Figure 4. relies on experimental data.
D is the actuator diameter given by (Chou and Hannaford In this section the approach taken by Tondu and Lopez is
1996) used to analyse the frictional effects present in the actuator and

this is then combined with the more accurate static model de-
(18) scribed in Davis et al. (2003) which include stretching effects
n-mw in the braid strands. This removes the need for the “tuning
H;\ctor” k.

b -sind
D =

andL is the actuator length given by (Chou and Hannafor
1996)
3.1. Braid Contact Area
L =b-Ccosh. 19 .
(19) When the strands used to make up the muscle braid move
ltwould be most useful to know the minimum number of brai@d@inst one another they form a source of friction and this

strands necessary to preventfailure, therefore the equation &§¢ds to be included in any mathematical model. The expres-
be rearranged thus: sion describing the static dry friction of the braid moving

against itself is as follows (Tondu and Lopez 2000):

N — P-D? -7 -cosd -sing

2.0 - Astrand (20) Ffriction = ﬁ : Scontact‘ P (21)

The ultimate tensile strength of the nylon material used tWhere Fricion is the resisting force caused by frictiof, is

form the braid is 7%10° Pa (Brydson 1999) and the typicalthe coefficient of friction (0.15-0.25 for a nylon on nylon
operating pressure of the actuators is 500 kPa. Therefore it cg@ftact (Plastics Design Library Staff 1995)) afaghacds the

be calculated using (20) that the minimum number of braigontact area between the braid strands. Due to the weave of
strands that can be used to form an actuator with the materig¢ braid, the contact area varies as the braid angle changes
properties detailed earlier is 97. and so an expression for the contact area needs to be found.

This analysis allows for the construction of actuatordhis is achieved by first considering just one braid crossover

with maximum contraction while ensuring safe operation igoint as shown in Figure 5.
maintained. It can be seen that

- _ tang = = 22)
3. Friction/Hysteresis Y

It has been observed by Chou and Hannaford (1996) aﬁgd
Tondu and Lopez (2000) that during operation there is a . W
force/displacement hysteresis in the muscles. This is caused sing = Z (23)
by friction between the braid stands. Tondu and Lopez (2000)
also noted that although there is contact between the braieret is the braid angle as shown in Figure 5. The area of
and the inner rubber liner this does not present a source @€ contact polygoiy,e is given by
friction as the liner remains “rigidly locked” to the braid by
the internal actuator pressure. Sone =2 -y

To account for the strand on strand friction in mathemat'%—h refore
cal models Chou and Hannaford proposed adding a constant
force offset to the calculated force during muscle contrac- w2
tion and subtracting it during extension (i.e., friction force Sone = 2.cosd - sind
always opposes the driving force). Tondu and Lopez (2000) ] ] ]
took Chou and Hannaford’s concept further by attempting t§here, as beforey;; is the width of a strand assuming only
guantify the offset force by modeling the friction. However@ single strand follows each path. In reality several parallel
the model produced is based on the basic static model whigiands are often used and thereforg M/the total width of
does not provide accurate force data (Schulte 1962; Chou dhgse pgrallel strands. The total contact area for the whole
Hannaford 1996; Tsagarakis and Caldwell 2000; Davis et dnuscle is therefore
2003). To overcome this, a parameteis introduced which N W2

. . contacts B

“tunes the slope of the considered static model” (Tondu and Scontact = > sind . cosd
Lopez 2000). This ensures that the modeled data match the
experimental values through the selection of an appropriathere N ,.cisiS the total number of crossover points in the
value ofk. Although the model produced is more accuratenuscle.

(24)

(25)
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Tondu and Lopez (2000) produced a similar expression; how-
ever, this format allows the variation in braid strand length
described in Davis et al. (2003) to be included.

3.2. Frictional Effects

In the preceding analysis it has been assumed that the braid
strands are of flat cross-section; however, in reality they are
circular in cross-section and the basic friction equation (21)
needs to be modified due to the circular nature of the braid
strands. The contact surface calculated using (29) assumes
that the strands are flat and this produces an overestimate
of the contact area (Tondu and Lopez 2000). Therefore, a
second constartt...is introduced which accounts for this by
reducing the calculated contact area:

SCOH ac
Fiiiction = fs L P. (30)
Sscale
To produce a full model including friction the expression de-
scribing the frictional force needs to be combined with the
static model thus (Tondu and Lopez 2000):

Fsr = Fgaic — Fricion dUring contraction

Fig. 5. One single braid crossover point. . I
g g P Fyr = Faaic+ Frioion during dilation (31)

whereF;; is the modeled output force including friction and
Fqaic 1S the force calculated using the static force equation.
The values for bottW,; and N .nasCan both be obtained
experimentally; however, this is difficult due Mnaasbeing
very high. However, if it is assumed that when the muscl
is at its maximum dilation (minimum braid angle) there argo verify that the static model described in Davis et al. (2003)
no gaps between the crossover points, then the entire surfae@ be extended to include the effects of friction a test muscle
area of the muscle is made up of crossover points. Henagth the following dimensions was used:
we can easily calculate the surface area of the muscle at its,
maximum length using egs. (18) and (19) @&ng which can bmin =0.65m

%.3. Experimental Results

be calculated as described in Section 2. n=4.7
Therefore ab ., D, =0.00025 m
N =240
Surface area= 7 - Dpin - Lmax = Sone* Neontacts ~~ (26) f=02.
Substituting (22), (24) and (25) into (26) gives The muscle was pressurized to a predetermined test pres-
sure and then a second, larger muscle was used to apply a force
2. b2 - sirt 6, co$ O to the free end as shown in Figure 6. This allowed a range of
Neontacts= - W2 @7) differing forces to be applied to the test muscle. A load cell
i was placed at the point where the two muscles joined and a ro-
SO tary potentiometer was used to measure the contraction of the
test muscle. Although a hysteresis exists in both muscles the
Scontact= Sone : Ncontacts (28)

load cell was used to control the force applied to the test mus-

and by combining (22), (27) and (28) we obtain an expressi&I\e and therefore the results are not affected by the hysteresis

for the contact area of the whole muscle at any braid angi'é the force _muscle. As force was ap_plied to the test muscle
thus: it increased in length and as a result its volume decreased. As

, the volume of air in the test muscle was constant this resulted
b SIN’ Oin - COS Oin in a pressure increase. To overcome this closed loop pressure
Scontact _— f . (29) . . . .
n - Sing - cosh control was used to maintain the pressure during testing.
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Fig. 6. Hysteresis test rig.

During testing an increasing force was applied to the tedkegree and therefore the contact area between the two strands,
muscle and the contraction recorded. When the length of tkeown as the Hertz contact area, is that shown in Figure 9(b).
muscle reached a predefined maximum the force was thenThe scaling factorS,.,. can be calculated by determin-
gradually released. The experiment was repeated for a rarigg the ratio of the work required to rotate two flat strands
of maximum muscle extensions to determine what effect thegyainst each other and two cylindrical strands against each
had on the size and shape of the hysteresis loop (Figure 7)ther. Calculation of the Hertz contact between two cylinders

It can be seen that the width of the hysteresis loop, at eaahany arbitrary anglé is highly complex, requiring a finite-
contraction length, remains constant despite varying the ranglement-based approach. Therefore, for the purposes of this
ofthe testmuscle’s motion. This means that the frictional forcanalysis the contact is considered as equivalent to the contact
Fricion Calculated using (30) is valid for all ranges of motiorbetween two spheres, as can be seen in Figure 10.
at the pressure for which it is calculated. The contact force between the two strands remains constant

To investigate the effect of pressure on the hysteresis tireespective of the area of the contact. The distance that the
experiment was repeated at a range of test muscle préseo materials move against each other, however, does vary
sures. The results are shown in Figure 8 and the modelddpending upon the contact area. Consider a circular contact
force/displacement relationship calculated using (31) is imrea with radiug.. If the upper sphere is rotated through one
cluded. Suitable values ¢t .. Were selected from the exper-full revolution against the stationary lower sphere a point on
imental data and were found to be 20 at 200 kPa and 16tht circumference of the contact area will travel a distance of
300 kPa. 27 a.. Now if the contact area is reduced so as to have a radius

This method of selecting an appropriate valusgf.from of a./2 then a point on the circumference of this new contact
the experimental results was used by Tondu and Lopez (20G0ka will only travel a distance afa., half that of the original
and a scaling factor of 13 was used in their work. The scalingpint. Remembering that the contact force between the two
factors used here and that used by Tondu and Lopez arespheres remains constant in both cases, the work required to
approximately the same range and the difference is likely totate the sphere in the second instance must also be half that
be due to the nature of the actuator materials used. Havingdbthe first. It therefore follows that the scaling factor will be

determine the scaling factor experimentally is not, however,
flat

desirable as the performance of any theoretical actuator cannot a.
X . . Sscale = ~sphere (32)
be calculated. It is more appropriate to calculfitg.and this arere
can be achieved by studying the structure of the weave used
to form the braid and the points where friction occurs. wherea™ is the contact radius assuming flat strands and is

equal toD,/2 anda®*""js the contact radius assuming the
. contact to be between spheres.
3.4. Strand Deformation The Hertz contact radius between two spheres is given by

If the strands used to make up the braid were flat it WoulglsttjlarSkI 1999)

be simple to calculate the contact area between two touching
strands. However, the cylindrical nature of the strands makes
this more complex as the contact area is determined by th
deformation of the material. If the cylinders were considereff "€"®
non-deformable as in Figure 9(a) the contact area would be 2(1 — 1?) ,
negligible. In reality, however, all materials deform to some Ce= —F Feomp= P - D;

4= 0721 (Fogmp- Kd - Ce)* 33)
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Fig. 10. Treating contact as that between two spheres.

and for equal radius spheres
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drive pressure and 15.8 for a 300 kPa input. These values
match the values obtained experimentally to better than 10%.
The contact area increases as higher drive pressures are used
as the material deformation is greater. This implies that the
value of Sy, Will not be a constant across all pressures and
this is reflected in the experimentally obtained valueS;qf.
Further evidence of this can be seen in the work of Tondu and
Lopez (2000) where modeled force data using a scaling factor
of 13 closely match the experimental data for a 400 kPa drive
pressure, but as this pressure is reduced the accuracy of the
model deteriorates.

The accuracy of the new model can also be verified using
the experimental data presented by Tondu and Lopez (2000).
Tondu and Lopez did not provide a value for the diameter
of the braid strands used in their work but it seems reason-
able to assume a similar material to that used in this work,
and therefore a braid diameter of 0.25 mm was used during
calculations. For a 400 kPa input pressure the scaling factor
calculated using (34) is 14.3 which is withirL 0% of the ex-
perimentally obtained value of 13 of Tondu and Lopez. The
difference is likely to be due to assumed strand diameter and
the fact that the scaling factor of 13 was chosen to cover all
operating pressures.

4. Conclusion

This paper has analyzed the structure of braided pneumatic
Muscle Actuators and it has been shown that the minimum
braid angle of the actuator can be calculated from the mate-
rial properties of the actuator. This information is useful as the
angle determines the dilated length and therefore the maxi-
mum stroke length of the actuator. The analysis has shown
that by simply halving the number of strands used to create
the braided shell of the actuator the minimum braid angle can
be reduced by 50% (from 190 ©) and this results in an
increase in actuator contraction of approximately 7% and an

with E being the Young’s modulus, being the Poisson ratio increase in peak contractile force of 16%. This result has also
of the strand material an,., being the force pushing the been proven experimentally.

two strands together. Therefore the scaling factor is

D, /2

Sscale = T

D, E
0.721<mep. > Ce)

- D . (34)

1
D, 3
1~442<Fcomp' 7 . Ce)

For the test muscle

E =3 x 10 Pa (Brydson 1999)
v = 0.4 (Brydson 1999)
D, =0.00025 m

As the number of fibers used to construct the braid is re-
duced the ability to contain the internal pressure decreases,
ultimately leading to failure. Mathematical analysis has been
used to determine the point at which this failure will occur.
Further, reducing the number of fibers results in a more open
braid structure, meaning the inner liner may pass through the
braid and rupture. Further analysis of this will form future
work.

It is well known that there is a force/displacement hys-
teresis in the actuators and whilst some work has considered
this effect the resulting methods rely on data obtained exper-
imentally from the actuator being modeled. This paper has
presented a method allowing theoretical modeling (and ex-
perimental verification) of any generic actuator through anal-
ysis of strand contacts. Due to the cylindrical nature of the

and this results in a value oS4 Of 18.1 for a 200 kPa strands, calculation of the contact area is complex, and for
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this reason past analysis has assumed flat strands and usBducker, D. C. 1967.Introduction to Mechanics of De-
scaling factor to account for the circular cross-section of the formable Solids.McGraw-Hill, New York.

strands. The scaling factor has usually been determined expéesto BrochureFluidic Muscle MASFesto.

imentally; however, this work has presented a mathematidaloue, K. 1987. Rubbertuators and applications for robots.
method of determining the scaling factor using analysis of the 4th International Symposium On Robotics Resedseaimta
Hertz contact between the strands and this has been verifiedCruz, CA, pp. 57-64.

against experimental data. It has been shown that the sddingsley, D. A. and Quinn, R.D. 2002. Fatigue life and fre-
ing factor is a pressure-dependant variable, not a constant agqjuency response of braided pneumatic actuat&@iE

previously assumed. Robotics and Automation Conferen&¥ashington, DC,
May 2002.
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