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ABSTRACT2

Artificial muscle actuators have become a popular choice as actuation units for robotic3
applications, particularly in the growing area of soft robotics. The precise specification of4
an artificial muscle actuator for a particular application requires the consideration of several5
parameters that work together to achieve the performance characteristics of the actuator. This6
paper explores the specification of artificial muscle actuator parameters by presenting and7
applying the analytical description of the actuator, simulation by finite element method for8
investigating material stresses under a wide variety of configurations, and a specific parameter9
selection process. This is followed by an experimental validation using an example actuator to10
compare against the predicted actuator performance. Some discussion of appropriateness of11
this type of actuator as a candidate solution for use in the example application of a dexterous12
continuum manipulator is included.13
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1 INTRODUCTION

Considering the selection of actuators to power a robotic manipulator is a particularly important aspect of15
robotic design. Some of the possibilities include electromechanical linear actuators, pneumatic actuators,16
or hydraulic actuators. A comparison of these three choices reveals that each option has both advantages17
and disadvantages. Electromechanical actuators are typically considered to be more efficient than their18
pneumatic and hydraulic counterparts, while hydraulic actuators have the highest power to weight ratio of19
the three choices presented here, assuming that the hydraulic power source is located remotely Granosik20
and Borenstein (2006). As a means of providing example design constraints, a continuum manipulator21
designed for minimally invasive natural orifice surgery was selected as a platform for investigation. The22
device in question is described in full in Berg, 2013 Berg (2013c). Providing consideration for the stringent23
requirements placed on such a manipulator for natural orifice surgery, it was determined that the size24
restriction due to the nature of natural orifice surgery was the most critical condition to be met, followed25
by the force output from the device that is necessary to achieve desired performance, approximately five26
newtons Berg et al. (2011). Therefore, hydraulic actuation was chosen for its higher power output despite27
any possible lack in efficiency, which is less critical in surgical applications.28
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Figure 1. Artificial muscle actuator.

Although hydraulic actuation offers high power density, mechanical rigidity and high dynamic response,29
the force capability, F , for a given pressure, P , of a conventional linear hydraulic actuator is limited by30
the piston area, A, given by: F = P · A. In view of the stringent diametric requirement of the present31
application, the use of hydraulic artificial muscle actuators (AMA) (see Fig. 1), which will be shown to32
have better peak force capability than conventional linear actuators for the same pressure and diameter,33
is of interest Schulte (1961). While the concept of artificial muscle actuators and their use in robotics is34
not new, the majority of application use pneumatic power to drive them Cardona (2012); Trivedi et al.35
(2008a); Klute and Hannaford (2000); Tsagarakis and Caldwell (2000). However, through the use of a36
hydraulic medium it may be possible to mitigate some of the issues with responsiveness and rigidity that37
have been encountered previously. There are two important advantages to a hydraulic approach: 1) a higher38
pressure (by a factor of 10 compared with pneumatic) can be applied so that force and power density can39
be further increased and the actuator diameter can be decreased; 2) liquid has a much lower compressibility40
and therefore better rigidity than compressed gas.41

Artificial muscle actuators consist of a contained internal bladder, surrounded by a flexible, braided outer42
sheath. It is the geometry of this outer sheath that transmits the radial expansion of the internal bladder43
due to applied pressure to contractile force along the longitudinal axis of the muscle actuator Davis et al.44
(2003). As the radius of the bladder, and thus the outer mesh, increases, the individual strands of the mesh45
which are woven in a over-under crossing pattern rotate relative to each other and to the long axis of the46
actuator and shorten the longitudinal distance from one end of the strand to the other. The load capacity of47
the artificial muscle actuator is then a function of the geometry and orientation of the outer sheath and the48
pressure applied to the internal bladder Chou and Hannaford (1996).49

2 ANALYTICAL DESCRIPTION OF ARTIFICIAL MUSCLE ACTUATORS

There are two methods presented in the literature for modeling the transmission of internal pressure to50
contractile force of an AMA. The first is a theoretical approach based upon energy conservation Schulte51
(1961), while the second is an examination of the force profile of the surface pressure Tondu et al. (1996).52
The first approach is based on the principle that energy supplied to the actuator by the pressurized fluid must53
leave the actuator through the application of a load over some distance. The second approach is based on54
an examination of the distortion of the internal bladder under isobaric conditions. However, ultimately each55
of these methods arrives at the base model Tsagarakis and Caldwell (2000). A summary of the first method56
is presented here. It should be noted that this model does not account for possible effects of compressibility57
in the bladder, interactions between the bladder and the braided outer sheath, or any contribution from the58
ends of the muscle actuator.59

As shown in Fig. 2, adapted from Chou and Hannaford Chou and Hannaford (1996), it is first necessary to60
define the geometric parameters of the braided sheath. These parameters include the length of the individual61
braided strands, b, the number of turns each strand makes over the length of the actuator, n, and the angle62
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Figure 2. Artificial muscle actuator geometry (left) and magnified view of braid geometry relationship for
a single unwound strand (right).

between the strands and the longitudinal axis of the actuator, γ(t), which is assumed to be uniform for all63
strands within the braided sheath.64

The overall length of the actuator, La(t), and the actuator diameter, D(t), can then be represented in65
terms of the constants, n and b, and as functions of the variable γ(t), as seen in Eq. (1) and Eq. (2).66

La(t) = b · cos γ(t) (1)
67

D(t) =
b · sin γ(t)

nπ
(2)

Then, calculating the volume of a cylinder and substituting in the functions for La(t) and D(t),68

V (t) =
π

4
D(t)2La(t) =

b3

4πn2
· sin2 γ(t) cos γ(t). (3)

The first derivatives of La(t) and V (t) with respect to γ(t) are calculated as69

dLa(t)

dγ(t)
= −b · sin γ(t) (4)

70
dV (t)

dγ(t)
=
b3 sin γ(t)

2πn2
· (cos2 γ(t)− 1

2
sin2 γ(t)) (5)

From Eq. (4) and Eq. (5), the first derivative of V (t) with respect to La(t) is given as71

dV (t)

dLa(t)
=

dV (t)/dγ(t)

dLa(t)/dγ(t)
=
−b2

4πn2
· (3 cos2 γ(t)− 1). (6)

From the principle of virtual work we have:72

Fa(t) · dLa(t) = Pa(t) · dV (t) (7)
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Figure 3. Ratio of force capacity for artificial muscle actuator to force capacity of a piston and cylinder
when the maximum cross-sectional area of each actuator is equivalent (F = P · Amax) as a function of
braid angle.

and solving Eq. (7) for the force output with Eq. (1 and 6) results in

Fa(t) = Pa(t)
b2

4πn2
·
[
3
La(t)

2

b2
− 1

]
(8)

= Pa(t)
b2

4πn2
·
[
3 cos2(γ(t))− 1

]
(9)

= Pa(t)
πD(t)2

4
·
[
3 cos2(γ(t))− 1

sin2(γ(t))

]
(10)

where Fa(t) is the contractile force and Pa(t) is the pressure differential across the bladder wall. Because73
the term within the brackets in Eq. (9) can be greater than 1 (limγ(t)→0 = 2), the force capability of a74
artificial muscle can be greater than that of a hydraulic piston actuator for the same area and pressure.75
It is assumed here that the force from the hydraulic piston actuator is F = P · A where the diameter is76
equivalent to the maximum diameter of the AMA. In reality the available area may be reduced by the piston77
rod cross-sectional area. Notice, however, that this advantage comes at the cost of having the force/pressure78
relationship vary with γ(t) or actuator length La(t), illustrated in Fig. 3. When the contraction angle is79
35.3◦, the two actuators are equivalent. Further, it can be seen (Fig. 3) that the maximum braid angle (full80
muscle contraction) occurs when γ = 54.7◦. This result can be demonstrated by looking at Eq. 9 and81
setting the contraction force, Fa, equal to zero then solving for the braid angle, γ. Thus this maximum82
value for γ is thus independent of all other parameters and holds true under all conditions.83

Refinements to this basic model have been presented in the literature which include considerations for84
bladder end cap geometry, non-linear bladder material response, and frictional effects Klute and Hannaford85
(2000); Tsagarakis and Caldwell (2000); Chou and Hannaford (1996). However, the basic model has been86
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experimentally shown to provide sufficient accuracy to gain an understanding of the theoretical system87
performance without introducing unnecessary model complexity Davis and Caldwell (2006).88

3 BRAID PARAMETER SELECTION

When designing an artificial muscle actuator for a given application, it is likely that the available supply89
pressure is known as well as the desired length, Lmax, and maximum diameter, Dmax, of the actuator90
which occurs when the braid angle, γ = 54.7◦. Therefore, the optimal design is the one that maximizes91
the performance of the actuator in terms of the range of the muscle contraction. Due to the geometric92
constraints of the AMA as discussed in Section 2, the contraction range is directly tied to another important93
geometric property, the range of possible braid angles throughout the stroke of the AMA. The minimum94
braid angle (full muscle extension) is dependent on the strand diameter, Ds, and the number of strands in95
the braid, N , and occurs when adjacent strands make contact Davis and Caldwell (2006). This relationship96
is presented as97

γmin =
1

2
sin−1

(
DsN

πDo

)
=

1

2
sin−1

(
DsN

2

b

)
(11)

where Do =
b
πn (obtained by evaluating Eq. 2 at γ = 90◦)is the theoretical maximum muscle diameter.98

Recalling Fig. 3 which shows a plot of the relative force capacity of the artificial muscle actuator versus the99
braid angle of the mesh, it is possible to see that the force goes to zero when the braid angle reaches 54.7◦100
as previously mentioned. The upper limit of the force, which is dictated by the minimum achievable braid101
angle, is shown by the left vertical line. This line can shift left or right based upon the characteristics of the102
mesh, Ds and N .103

Therefore, it is necessary to consider the possible combinations of strand diameter, Ds, and number, N ,104
in order to optimally design the AMA. This can be done by minimizing the braid angle, γmin. Additionally,105
the stress within each individual strand of the braided mesh must also not exceed the limits of the mesh106
material and thus acts as a constraint on the determination of γmin. The tensile stress within an individual107
strand within the braid is presented in the literature Davis and Caldwell (2006) as108

σ(t) =
Pa(t)D(t)L(t)

2nNAstrand
=

2PD2
o sin

2 γ(t) cos γ(t)

ND2
s

(12)

which is formulated by analyzing the fractional component of the hoop stress realized within an individual109
strand of the braided mesh. Each of the N strands encircles the bladder n times. This result can then110
be compared against the tensile limit of the mesh material, which is typically either a nylon polymer111
(σY ≈ 50MPa) or stainless steel (σY ≈ 500MPa).112

3.1 Finite Element Analysis of Internal Bladder113

The use of the artificial muscle actuator as a means of power input to the system carries with it several114
advantages previously discussed. However, it is also necessary to understand the failure limits for each115
component. An expression for determining stress in the braided mesh was discussed in the previous section;116
however, it is necessary to understand the failure limits of the internal bladder due to applied pressure117
as well as the bladder is likely to be the weaker of the two components that make up the actuator. The118
likely mode of failure for the bladder is by the wall expanding through the gaps between strands, as shown119
in Fig. 4, of the braided mesh and rupturing Davis and Caldwell (2006). Further, it is desirable to avoid120
exceeding the elastic limit of the bladder material, which varies based on material composition and strain121
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Figure 4. Illustration of the bladder mesh bulging through a gap in the strands of the braided sheath.

rate, estimated as 3 MPa for general latex rubber Hagan et al. (2009). Towards this end, a finite element122
analysis of stress within the bladder was performed for a variety of possible combinations of actuator123
design parameters. The relevant parameters of each diamond shaped unit segment of the bladder are then124
the edge length, EL, and the braid angle, γ, as shown in Fig. 5. The edge length is a constant measure125
of the mesh density and is determined in the manufacturing by setting the distance between subsequent126
strands. The value for the edge length can be calculated as127

EL =
b

nN
=
πD0

N
(13)

where b, n, and N are the strand length, number of turns per strand, and strand number, respectively, as128
before. The braid angle is a measure of AMA contraction and thus changes as the AMA is pressurized.129
This relationship is described in Section 2. In addition to the parameters EL and γ, it is also necessary to130
consider the wall thickness, t, of the bladder material when determining a proper design to prevent failure.131
Further, the pressure within the bladder, Pa is an important consideration for evaluating the stress within132
the bladder wall. All of these possible variations make determination of the failure criteria for the internal133
bladder of the artificial muscle a difficult problem to evaluate. The complexity of this problem is further134
increased due to the intricacies of shell mechanics for an irregular shape. To simplify the analysis, the135
bladder was first divided into the smallest repeated unit which takes the form of a diamond where the sides136
are defined by the strands of the braided mesh, as shown in Fig. 5. The model used here assumes that the137
edges of the bladder segment are fixed in place by the braid strands. This assumption is reasonable as each138
side of a given segment is shared by adjacent segments which are each subject to the same conditions.139
Further, this model does not account for any stress relief that may be present due to the diameter of the140
strands restraining the bladder. This results in the overestimation of the stress within the bladder and thus141
means that the selection of parameters based on this model will be conservative.142

A model of this individual unit was developed in the finite element analysis software package, Abaqus143
Unified FEA (Dassault Systèmes). As it is possible that each of these four parameters will vary144
independently, it is necessary to evaluate all possible combinations. To accomplish this, the input file was145
scripted using the Python programming language to allow for automation of the job submission process146
Berg (2013a). Briefly, the script was set up to evaluate for six possible edge lengths (∈ [0.25 mm, 1.5 mm]),147
six braid angles (∈ [5◦, 55◦]), five bladder thicknesses (∈ [0.05 mm, 0.25 mm]), and five internal pressures148
(∈ [0.25 MPa, 1.5 MPa]). This results in a total of 900 possible combinations of EL, γ, t, and Pa. The149
range for each parameter was selected to cover the likely range encountered by the AMA when used for150
this application. For each combination, the script defines the geometry of the bladder segment, applies the151
boundary conditions and pressure load, and submits the job to the solver.152

An example of the results output by the Abaqus simulation is shown in Figs. 6 and 7 where the input153
parameters were set to [EL,γ,t,Pa]=[1.0 mm, 15◦, 0.15 mm, 700 kPa]. Figure 6 shows the deformation154
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Figure 5. Graphic showing relevant planar dimensions describing an individual bladder segment.

of a bladder segment for a given set of parameters. As expected, the greatest deformation occurs at the155
center of the segment while the deformation at the edges is zero as specified by the boundary conditions.156
Here it is shown that the maximum calculated deformation is on the order of 0.5 mm for this example.157
Figure 7 shows the magnitude of the Von Mises stress within the bladder segment for the example set of158
parameters. Here it is shown that the highest stress concentration is calculated at the edge of the segment159
near the obtuse angle. The maximum stress at this location is on the order of 2.8 MPa. Moving away from160
the boundary, the next highest stress occurs at the same location as the maximum deformation within the161
segment (geometric center) and is on the order of 2.0 MPa.162

The results from each of the 900 simulations (each combination of EL, γ, t, and Pa) were then stored in163
individual output files. The result of interest in this case is the maximum stress that occurs in the bladder164
segment. To extract this information from each of the results files, a post processing script was also written165
in Python to read the Von Mises stress data for each element in the mesh and then find the maximum Berg166
(2013a). This maximum Von Mises stress was then written to a text file along with the corresponding167
parameter values for each of the 900 simulations Berg (2013b). This text file represents a four dimensional168
array that can be used as a lookup table to find the stress corresponding to a given set of input parameters.169

The array contains the values for maximum stress calculated under the given range of selected input170
parameters which thus necessitates the use of an interpolation to extract the relevant information for any171
one specific set of input conditions. For this, a cubic 4-dimensional interpolation function was used. As172
shown in Fig. 8, it was found that for any arbitrary set of input parameters where only the braid angle was173
varied the maximum stress occurred when the braid angle was 45◦ for all combinations of the inputs, Pa,174
N , and t. Note that the strand number, N , was used in place of EL for presentation of these results as it is175
more relevant as a design parameter. For a given value of N , EL is calculated using Eq. 13 for submission176
to the interpolation function. The value for D0 was set to 6 mm for this application. This result for the braid177
angle is true for any set of input parameters and is not unexpected since the surface area of the diamond178
shaped unit of the internal bladder is largest when the braid angle is 45◦. Based on this result, it would be179
appropriate to use a braid angle of 45◦ in subsequent calculations in order to account for the worst case180
scenario.181

As discussed in Section 3, the strand diameter, Ds, and number, N , are the two critical parameters for182
design of the braided mesh. In terms of evaluating the bladder stress, strand diameter effects only the stress183
concentration at the boundaries of each bladder segment (larger strand diameter equates to lower stress184
concentration at the boundary). Thus assuming the most conservative condition, strand diameter is not185
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Figure 6. Example output of Abaqus simulation results for deformation of an internal bladder section.

factored into the calculation of the bladder stress. Instead, strand diameter is relevant in determination of186
failure within the braided mesh itself. An evaluation of the bladder stress was performed with respect to the187
effects of the various independent parameters. The braid angle was fixed at 45◦ while the strand number, N ,188
actuator pressure, Pa, and bladder thickness, t, where varied individually. This analysis is shown in Figs. 9189
- 11. First, it is shown in Fig. 9 that there is a direct linear relationship between actuator pressure and stress190
in the bladder wall. Thus a change in actuator pressure yields a proportional change in bladder stress with a191
constant of proportionality that ranged from 0.65 (N=80, t=0.25 mm) to 31.5 (N=16, t=0.1 mm).192

Next, to look at the effects of strand number and bladder thickness, the actuator pressure was set to 700193
kPa while the strand number, N , and the bladder thickness, t, were varied. As shown in Fig. 10 varying194
the strand number, N , shows that the bladder stress increases quickly as the strand number approaches 15195
where the spacing between strands becomes large. Thus, for this application, the bladder stress can be used196
to set the lower limit for the strand number. It is desirable to approach this lower limit as fewer strands197
means that the performance of the actuator is better due to having a longer contraction range.198
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Figure 7. Example output of Abaqus simulation results for Von Mises stress of an internal bladder section.

Finally, the effect of bladder wall thickness were examined. Figure 11 shows that the wall stress increases199
quickly when the wall thickness is smaller than approximately 0.15 mm and changes more gradually above200
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Figure 8. Calculation of maximum bladder stress for variable braid angle. Values indicated in the legend
correspond to [Pa (MPa), N , t (mm)].

Figure 9. Plot of the bladder stress calculated using FEA versus actuator pressure. Braid angle is set to
45◦ for all cases.

that value. This result is important to consider as the bladder wall thickness plays a role in determining the201
minimum achievable diameter of the AMA.202
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Figure 10. Plot of the bladder stress calculated using FEA versus strand number. Braid angle is set to 45◦
for all cases.

Figure 11. Plot of the bladder stress calculated using FEA versus bladder wall thickness. Braid angle is
set to 45◦ for all cases.

3.2 Parameter Selection Methodology and Fabrication203

The previous text provided a means of designing the AMA by analyzing the constraints in terms of strand204
stress and bladder stress for a given set of input conditions. Equation 12, when combined with the results205
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presented in Section 3.1, allows for a determination of the optimal combination of strand diameter, Ds, and206
strand number, N , within the braid for which the strand stress does not exceed the tensile strength of the207
braid material and the stress in the bladder wall does not exceed the limits of the bladder material. The208
thickness of the bladder wall is also an independent design parameter that can be minimized in order to209
allow the actuator to reach full elongation and therefore the wall thickness can be included as a design210
variable.211

The strand diameter and number can then be used in the manufacture of an appropriate braided mesh. For212
the braiding machines that manufacture this sort of braided mesh, the necessary input parameter is the pick213
count or the number of times the strands cross the center line per unit length Omeroglu (2006). This input214
setting can be calculated from the optimized strand number, N , as215

Pick =
nN

2Lc
(14)

where the length, Lc, is the actuator length at the diameter of the core, Dc (independent parameter as long216
as it is smaller than Do), that the mesh is being braided onto such that Eqs. 1 and 2 become217

Lc = b · cos γc (15)
218

γc = sin−1
(
πnDc

b

)
. (16)

Here the strand length, b, and number of turns, n, are constants which can be calculated from the input219
parameters Lmax and Dmax and the calculated value for γmin (Eq. 11) as220

b =
Lmax

cos γmin
(17)

221

n =
b

πDo
=
b sin 54.7◦

πDmax
(18)

Therefore, for a given combination of wire diameter, Ds, and strand number, N , the braiding machine can222
be configured using the appropriate pick per unit length setting calculated from Eq. 14.223

4 TESTING OF AMA LOAD CAPACITY

An evaluation of the accuracy of the predicted beam load capacity as a function of AMA extension and224
pressure, as formulated in Section 2, was carried out. It was not possible to produce a muscle actuator at a225
scale appropriate for this application as an inner bladder material with the correct diameter was not found226
to be available. Thus a larger version of the muscle actuator, with an 8.8 mm maximum outer diameter, was227
produced (Fig. 12) using latex surgical tubing (OD 3.2 mm, ID 1.6 mm) as the internal bladder and nylon228
expandable mesh (OD 4.4 mm, ID 3.2 mm) and the outer sleeve. The actuator from Fig. 12 was connected229
to a rigid support at one end and to a calibrated spring scale (OHAUS, 4 kg capacity) on the other end230
(Fig. 13). The internal bladder was inflated using an instrumented syringe (BARD Caliber Inflation Device)231
which provided a measure of the inflation pressure.232

The procedure was performed under two static pressure conditions, 689 kPa and 413 kPa. The pressure233
within the bladder was increased to the static set point and held constant while the load on the actuator234
was increased. For each data point, the contraction force exerted by the actuator on the spring scale was235
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Figure 12. Photograph of a prototype artificial muscle actuator.

Figure 13. Illustration of test setup for measuring actuator load as a function of braid angle.

measured as well as the length of the actuator and corresponding braid angle. These results are shown236
in Fig. 14 where the solid line represents the predicted contraction force calculated using Eq. 8 and237
the dots represent the experimental data. The results show reasonable agreement, R2 values of 0.9578238
for the 689 kPa case and 0.9079 for the 413 kPa case, between the predicted and experimental forces.239
Better agreement was seen for the high-force, elongated actuator condition and greater discrepancy for240
the low-force, contracted muscle condition with the largest error occurring at a braid angle of 50◦ where241
the error is 50% of the predicted value (689 kPa case). These finding are similar to results reported in the242
literature Chou and Hannaford (1996); Davis and Caldwell (2006). Deviations between the experimental243
and theoretical actuator forces are likely due to frictional effects which become more observable at higher244
braid angles.245
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Figure 14. Plot of force output from the artificial muscle actuator predicted analytically (solid line) and
determined experimentally (dots).

5 DISCUSSION

The use of artificial muscle actuators for robotic applications has been expanding as they provide several246
advantages including dexterous mobility and compliance when coming into contact with other surfaces247
or objects Trivedi et al. (2008b). This is particularly important in the application of minimally invasive248
surgery where the robot maneuvers in a unpredictable and sensitive environment. Further, the use of a249
hydraulic artificial muscle actuator for this purpose provides the opportunity for greater force output for the250
given size constraints, as shown in Fig. 3 where it is seen that the theoretical load capacity of the AMA is251
twice that of a conventional hydraulic actuator for the same diameter. In Section 2, a method for modeling252
the AMA and its load capacity was given showing that actuator force is a function of internal pressure and253
actuator length. The procedure for defining this method includes several simplifying assumptions; however,254
it was demonstrated that at the prototype scale for this application, the predicted output compared well255
with the experimental results. As was shown, the maximum contraction of the AMA is set by the braid256
geometry at a braid angle of 54.7◦. However, the maximum elongation of the AMA is something that can257
be designed and thus allows for an optimization of the AMA characteristics in order to achieve the greatest258
stroke length while avoiding failure.259

The methods presented here make it possible to identify the appropriate braid characteristics to achieve260
maximum AMA performance. Maximum performance is obtained by minimizing the achievable braid261
angle. The minimum braid angle is dependent on the number of strands within the braided mesh and262
the diameter of those strands Davis and Caldwell (2006). The limiting conditions placed on these two263
quantities are the yield stress of the strands and the stress limit of the inner bladder. The yield stress of the264
strand can be calculated directly knowing the strand number, strand diameter, pressure, and braid angle265
of the AMA (see Eq. 12). The stress within the bladder requires more careful consideration as it is also266
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parameter dependent but it less well defined in terms of a solution method. Therefore, to determine bladder267
stress, a finite element analysis was used. Here it was shown that under all tested conditions the maximum268
bladder stress occurred at a braid angle of 45◦. Thus in performing an optimization calculation, the braid269
angle can be set at this value to eliminate one of the variables. Further, since it is desired to minimize the270
achievable braid angle, the bladder wall thickness can be set at a low value for this calculation as well271
while retaining the option of increases the thickness to permit higher operating pressures. Finally, under the272
appropriate stress constraints, it was shown that it is possible to calculate the smallest allowable strand273
diameter of the smallest number of strands that can be used to produce an usable AMA.274

Using a prototype AMA, it was demonstrated that a load capacity of 40 N was possible with a bladder275
pressure of 689 kPa. However, this value does not represent the maximum achievable value since the muscle276
was not in its fully extended condition when the limit of the spring scale was reached. The theoretical277
prediction was found to be accurate at small braid angles. If the theoretical calculation for AMA load278
capacity is extended towards smaller braid angles, then the load capacity of the prototype AMA would279
approach 80 N as the braid angle approached 10◦. If we then extend this model to the design scale for the280
example application Berg (2013c), the predicted load capacity of the AMA would be 25.9 N as the braid281
angle approached 10◦ for the same supply pressure.282
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