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Abstract: Pneumatic artificial muscles (PAMs) are becoming an increasingly popular form of soft
actuator due to their unique actuation characteristics. The creation of accurate PAM actuation models
is important for their successful implementation. However, PAM studies often employ actuation
models that use simplifying assumptions which make the models easier to formulate and use, but
at the cost of reduced accuracy. One of the most commonly used assumptions, the inelastic braid
assumption, suggests that the braid does not stretch, and therefore would not affect its geometry or
actuation force. Although this assumption has often been cited as a likely source of model error,
its use has persevered for decades due to researchers’ inability to directly measure the effects of
braid elasticity. The recent development of a photogrammetric method to accurately measure PAM
geometry now enables this analysis. This study seeks to assess the current default adoption of the
inelastic braid assumption in PAM models by attempting to quantify the braid elasticity effects. This
research finds that current models that use the inelastic braid assumption can underestimate PAM
diameter by as much as 30%, and overestimate actuation force by as much as 70%. These results
show that braid elasticity can have a substantial effect on the geometry and actuation force of PAMs,
and demonstrates that the inelastic braid assumption may not be a suitable universal assumption for
PAM modeling and analyses, especially when low-stiffness braid materials are used.

Keywords: McKibben actuators; PAM; inelastic braid assumption; photogrammetry

1. Introduction

Interest in PAMs has been continually expanding due to their unique set of charac-
teristics including their low weight, simple construction, inherent compliance, and high
specific force and specific work capabilities [1,2]. With energy being supplied by pressur-
ized working fluid, PAMs provide a uniaxial contractile force and stroking motion that
is enabled by its morphing inflatable structure that consists of an elastomeric bladder, a
surrounding braided sleeve, and two end-fittings [3]. The complex interactions and nonlin-
ear properties of these components during actuation result in PAM characteristics being
complex and difficult to accurately predict. It is now becoming more important than ever
to have accurate mathematical representations of PAM actuation characteristics to ensure
their successful implementation in design environments where actuators have increasingly
tight spatial constraints and must provide precise force and position control [4–6].

To date, most methods used to model the actuation force and geometry of PAMs have
been based on analyses used when PAMs were first invented in 1958 [3]. Model correction
efforts over the past decade have often focused on capturing the effects of energy losses
due to bladder strain [7–12], and have largely ignored braid effects on PAM actuation
characteristics. PAM models have continued to rely on assumptions while engaging in
a minimal investigation of their accuracy. Many assumptions have been retained due to
the modeling simplifications provided, or due simply because there was a lack of data to
further improve model accuracy.

One of the most prevalent modeling assumptions used with PAMs is the inelastic braid
assumption, which assumes that the fibers of the braid do not stretch under tensile loads
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that are applied during actuation [8]. This assumption—commonly used in conjunction
with the cylindrical geometry approximation—enables a simplification of the geometric and
actuation force models of PAMs. A lack of investigation into the effects of braid elasticity
has persisted, in part, due to an inability to experimentally capture and quantify the stretch
of the braid during the actuation of the PAM. Stretching of the braid is often visually
imperceptible, and has consequently often gone unnoticed or ignored. Previous methods
of measuring the dimensions of the braid—such as using a ruler to measure the braid
diameter at discrete points along the length of the PAM—have been rudimentary and lack
the resolution and accuracy required for an effective investigation of braid stretch.

A wide-reaching survey of previous PAM modeling efforts was conducted [3,7–10,12–27],
and found that very few researchers have investigated the effects of braid elasticity on
actuation. A few papers have included a cursory investigation of braid elasticity and,
absent the use of supporting experimental data, have subsequently assumed the effects
to be negligible [28]. Just two authors were found to have included factors that directly
account for braid elasticity in their actuation force models, and they have both noted
subsequent improvements in the accuracy of their models. Davis et al. [15] added a term to
their force-balance-based model to account for the estimated braid stretch during actuation
after observing the radial expansion of a PAM in isometric states with changes in pressure.
Similarly, Kothera [8] used an energy-method modeling approach, adding a term that
accounted for the elastic energy storage due to the stretch of the braid. With the inclusion
of their braid-stretch terms, both studies demonstrated improvements in the accuracy of
their actuation force models. However, they both lacked experimental evidence to support
the magnitude of the braid stretch assumptions used in their models.

Now, the development of a photogrammetric method for measuring external dimen-
sions of a PAM provides the degree of resolution and accuracy required for measurements
to analyze the stretch of the braid during PAM actuation. Initial analysis of the photogram-
metric measurement data [29] found a slight increase in the average diameter of the PAM as
it was isometrically pressurized. It was hypothesized that this radial expansion is primarily
due to the stretch of the braid fibers, and not simply attributable to a reorientation and
initial tensioning of the braid fibers as has been noted in the previous testing of PAMs.
Further investigation is necessary to affirm this hypothesis.

The goal of this research, therefore, is to investigate the effects of braid elasticity on
the resulting geometry and actuation force of PAMs. The stretch of the braid is calculated
using an accurate representation of PAM dimensions obtained through photogrammetric
measurement. Calculations of braid stretch and tension are then used to calculate an
approximate modulus of elasticity of the braid material which is then compared to cited
and experimentally-obtained values. Agreement of all of the obtained elasticity values
indicates that the braid elasticity is, in fact, the source of the observed radial expansion.
The result of that elasticity is then tested by approximating its effects on the resulting
dimensions and actuation force of the PAM. An assessment is then made on whether the
inelastic braid assumption should be maintained as a baseline in future work.

2. Experimental Testing

To investigate the effects of braid elasticity, characterization of both the braid and PAM
actuation are needed. An actuation response was characterized by performing isobaric
force-contraction tests on the PAM while simultaneously measuring its geometric dimen-
sions. The braid was characterized in isolation by performing tensile tests on individual
threads of the aramid braid.

2.1. Description of Tested PAM

The tested PAM is composed of a latex inner bladder, an aramid braided sleeve,
and swaged aluminum end-fittings [29] (Figure 1); it has a diameter of 22.2 mm (7/8 in),
and a length of 236 mm (9–9/32 in). The braid is defined by two parameters that are the
resting length of each braid thread, B0, and the number of turns of each thread about
the circumference of the PAM, N. For the tested PAM, values for B0 and N were found—
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through direct measurement of the PAM—to be 251 mm (9.89 in) and 1.09, respectively
(Figure 1b). Direct measurement of those two values ensured accuracies within ±0.8 mm
(±1/32 in), and ±0.005, respectively.

(a) Constructed PAM

(b) PAM threads marked for measurement of N and B0

(c) Kevlar braid used in PAM construction

Figure 1. Tested 22.2 mm diameter PAM.

2.2. Characterization of the PAM’s Actuation

The actuation response of the PAM was characterized using a 98 kN (22 kip) MTS
servo-hydraulic test machine (Figure 2a). The MTS machine records the displacement
of the cyclic motion, along with the external inputs of force (Honeywell Model 31 Mid)
and pressure (Omega PC209-200G5V). This testing was performed by first setting a fixed
internal pressure of the PAM, and then cyclically stroking the PAM between its resting
length and its pressure-dependent zero force length states. That test sequence was repeated
for isobaric pressure tests of 69–689 kPa (10–100 psi) at 69 kPa (10 psi) increments. The
pressure of the working fluid was set and maintained at fixed pressures (i.e., isobars) using
a previously developed air pressure control system [30]. The PAM was cycled three times
at each pressure at a quasi-static rate of 1.0 mm/sec (0.04 in/s). Throughout the testing
sequence, measurement data of the PAM’s outer diameter were simultaneously collected at
1 s intervals, by using the photogrammetric acquisition and analysis methods developed
in Chambers et al. [29]. Observation of the measurements shows an increase in diameter
with increases in pressure which is indicative of what would be expected to occur with
stretching of the threads in the braid (Figure 2b).
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Figure 2. Characterization testing of the PAM’s actuation and geometry. (a) Actuation Force of PAM
with respect to contraction at set isobars; (b) Average diameter of PAM with respect to contraction.
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2.3. Characterization of the PAM’s Braid

The braid and its material properties are of particular interest in this research. The
braid characterized in this research is composed of 144 Kevlar-49 threads woven into
a double-helical tubular sleeve (Figure 1c). The Kevlar-49 thread is cited as having an
elastic modulus of 112 GPa (16.3× 106 psi), a breaking strength of 254 N (59.3 lbf), and an
elongation at failure of 2.4% [31]. Each of those threads is composed of 768 fibers and each
fiber has a diameter of 0.012 mm (0.00047 in), resulting in an overall thread cross-sectional
area of 0.0858 mm2 (1.33× 10−4 in2).

The material specifications of the Kevlar-49 thread were experimentally validated
by conducting a tensile failure test on thread samples obtained from the same braid that
was used on the PAM. This provides a more complete picture of the stiffness profile of the
Kevlar threads but also ensures that the braid’s material properties did not change due to
any variation in manufacturing or storage (e.g., degradation due to UV light exposure).
Tensile testing of the thread was performed on an Instron 8841 servo-hydraulic testing
machine (Figure 3a). Three thread samples of about 10 cm length were prepared by using
epoxy to attach tabs for clamping at each end of the thread. Those thread samples were
then stretched at a rate of 0.1 mm/s (0.004 in/s) until failure.
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Figure 3. Testing of Kevlar-49 thread samples. (a) Thread tested on Instron machine; (b) Stress-strain
relationships of three tested thread samples.

Test results for three threads are shown in Figure 3b. The experimental modulus of
elasticity was approximated by identifying the slope of the linear portion of each curve.
The average elasticity for the three samples was found to be 117 GPa (16.9× 106 psi) which
is within 5% of the cited value for Kevlar-49. Prior to the linear elastic region of each curve,
there is a notable nonlinear region that begins at the onset of loading the thread. This
nonlinear portion of each curve—which is typically left out of material property reference
charts [32]—is due to the initial straightening and uncrimping of the thread fibers, and
it continues until all of the fibers in the thread are tensioned and aligned with the thread
axis [33]. Note that subsequent analysis of the strain in the braid will find this region of the
stress–strain curve to be significant.

3. Analysis of Braid Elasticity Using Measurements of PAM

Characterization data of the PAM’s actuation force and diameter is used for in situ
analysis of the braid’s elasticity during the actuation of the PAM. The actuation force data
is used to estimate the tension in the braid; diameter measurements of the PAM—obtained
using photogrammetry—are used to estimate the stretch in the braid.

Typical methods of obtaining braid dimension and tension estimates rely on models
that use a cylindrical approximation of PAM geometry. This approximation is commonly
made despite the PAM’s increasingly noncylindrical shape in contracted length states. To
ensure the accuracy of our initial investigation of braid tension and stretch, we will focus
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on the PAM in its resting length state where the cylindrical approximation of the geometry
is most accurate.

The cylindrical approximation enables a description of the PAM’s geometry for all
contraction states of a PAM through the use of a defined triangle relationship (Figure 4). This
relationship relates the PAM’s length, L, and diameter, D, with variables that describe the
braid including the braid angle, θ, the length of each braid thread, B, and the number of
turns of each thread about the PAM’s circumference, N. With the values of either N or
D, and any two of the other dimension variables, the geometry of the PAM can be fully
defined using the triangle relationship. For this work, we have known values for N, and
of average diameter D for each length state L, thus enabling B and θ to be estimated for
respective states of contraction. Figure 4 shows that an increase in Dmeas at a fixed-length
state of L would result in a stretched length of the braid threads Belastic, and a respective
change in the braid angle to θelastic. The stretched thread length can be estimated using the
following equation:

Belastic =
√
(L2 + (NπD̄meas)2) (1)

Figure 4. Triangle relationship of PAM dimensions, and subsequent effect with consideration of braid
elasticity.

Estimation of the tension in each thread is based on force equilibrium equations which
account for pressure, bladder, and braid forces, and assumes PAMs have a cylindrical
geometry [8,10,17]. Force-balance equations for equilibrium in the PAM’s longitudinal (z)
and circumferential (c) directions are:

PRL = σctbldL + nbrdNTbrdcos(θ) (2)

Fact + PπR2 = σz(Vbld/L) + nbrdTbrdsin(θ) (3)

Manipulation of Equation (3) results in the following equation for the thread tension Tbrd:

Tbrd =
1

nbrd

1
sinθ

(Fact + PπR2 − σz
Vbld

L
) (4)

where nbrd is the number of threads in the braid (nbrd = 144), P is the internal pressure
of the PAM, and Fact is the actuation force. The last term accounts for the portion of the
longitudinal force of the PAM that is due to strain in the bladder; it is a function of the
longitudinal stress σz, bladder volume Vbld, and the instantaneous length L.

Braid stretch and tension are initially investigated in the resting length state where
estimates acquired from Equations (1) and (4)—which are based on the cylindrical
approximation—are most accurate. Figure 2b showed a slight increase in diameter with
pressure in the resting length state. In this state, the average diameter of the PAM increased
by 1.1 mm with an increase in pressure from 0 to 689 kPa (Figure 2b). This increase in
diameter creates changes in thread length and braid angle, as seen in Table 1. The nominally
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linear increase in diameter with pressure supports the hypothesis that the increase in
diameter is likely due to braid elasticity. There is a notable initial jump in diameter from
the 22.2 mm resting diameter of the bladder which indicates some initial tensioning and
realignment of the braid upon pressurization of the PAM. The fiber length at each pressure
is estimated by inserting the average diameter values at resting length into Equation (1).
This results in a calculated braid stretch of up to 1.3 mm (0.5% stretch) (Figure 5b).

Table 1. Geometric dimensions calculated for the PAM in the resting length state

PAM Pressure 689 kPa 552 kPa 414 kPa 276 kPa 138 kPa 0 kPa
(pred.)

Dmeas, mm 26.52 26.34 26.11 25.91 25.63 25.43
Belastic, mm 252.6 252.4 252.1 251.9 251.5 251.3
θelastic, deg. 68.94 69.07 69.22 69.38 69.58 69.73
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Figure 5. Analysis of the braid threads through in situ analysis for all tested pressures. (a) Measured
average diameter, D̄meas; (b) Estimated length of braid threads, Bmeas; (c) Estimated tension in braid
threads, Tbrd; (d) Estimated stress, σbrd, and strain, εbrd, with linear fit analysis.

The tension in the braid threads is estimated using Equation (4). Because we are only
investigating the resting length state, the form of Equation (4) can be simplified to eliminate
the last term of the equation by considering that σz is negligible when the bladder is in the
resting length state. The tension in each thread of the braid linearly increases with pressure
(Figure 5c). The maximum force of 38 N (8.5 lbf) for each thread is well below the cited
failure strength of 264 N (59.3 lbf) for the Kevlar-49 threads.

With the thread stretch and tension estimates, the stress (Equation (5)) and strain
(Equation (6)) of the braid thread is then calculated to obtain a measure of braid elasticity
while on the PAM (Equation (7)). The equations for stress and strain are as follows:

σbrd =
Tbrd
Abrd

(5)
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εbrd =
Belastic

B0
− 1 (6)

These stress and strain equations are then used to calculate the braid’s stiffness Ebrd as
follows:

Ebrd =
σbrd
εbrd

(7)

The resulting stress–strain values of the tested PAM produce a nominally linear stress–
strain relationship (Figure 5d). A linear fit of the data results in an estimated modulus of
Ebrd = 80.0 GPa (11.6× 106 psi) which is 29% less than the cited value of Ebrd = 112 GPa
(16.3× 106 psi). A closer inspection of the stress–strain trend reveals a slight nonlinearity in
the results. Separate linear fits performed on the low pressure and high-pressure data points
found that the high-pressure fit value of Ebrd = 107 GPa (15.5× 106 psi) is significantly
closer (within 5%) of the cited value.

Analysis of Measured Elasticity Values

The elasticity found through the in situ measurements of the PAM (Figure 3d) is
compared to the elasticity found from the tensile characterization testing of the Kevlar
thread (Figure 5d), for agreement in Figure 6. In both cases, the tested braid material should
result in the same stiffness value.
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Figure 6. Each figure compares the stress–strain relationship calculated from (1) tensile test measure-
ments of the Kevlar threads, and (2) estimates from the in situ measurements of the PAM’s braid.

The stress values from the measurement of the PAM appear to be very close to those
found in the tensile characterization testing (Figure 6a). The maximum braid strain ob-
served on the PAM is εbrd = 0.0052 which places it in the low-strain nonlinear region of
the tensile test data. This coincides with the nonlinearity observed in the stress–strain
relationship found from measurements of the PAM. A comparison of the two sets of data
shows that the values are very close in magnitude and have the same basic curvature
(Figure 6b). Comparing the stress from the PAM measurements against the average curve
of the three tensile tests results in an RMSE for the estimates from the PAM measurements
of 26.66 MPa (3867 psi). The slight discrepancy between the measurements of the PAM and
the tensile test entails the possibility of a slight overestimation of the tensile loads of the
threads on the PAM by 2.54–8.54 N (0.57–1.92 lbf). This is much lower than the 6.58–20.01 N
(1.48–4.50 lbf) overestimation of the tensile loads that would be assumed by using the cited
linear elastic modulus for the recorded range of strain values.

Overall, a comparison of the elasticity values found from in situ measurements of the
PAM, and from tensile testing of individual Kevlar-49 threads, confirms that the source of
the fixed-length radial expansion with increases in pressure is, in fact, due to stretching of
the braid’s threads. The elasticity of the braid observed on the PAM matched closely with
what was expected from both cited and tested values. With the elasticity of the braid now
fully characterized, the effects of the braid’s elasticity on geometry and actuation force can
be investigated.
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4. The Effect of Braid Elasticity on Geometry and Actuation Force

With the stiffness of the braid characterized, the effects of elasticity on the parameters
that define PAM geometry (D, θ, and B) and actuation force can now be analyzed. This
analysis is performed by first estimating the stretch of the braid threads for all pressure-
contraction states, and then using the triangle relationship, as shown in Figure 4, to calculate
the corrected values of B, θ, and D which now take braid elasticity into account. The effect
of the corrected dimensions on the actuation force is then calculated using the Gaylord
force equation (Equation (12)).

The traditional approach to estimating the dimensions and actuation force of the PAM
has relied on the inelastic braid assumption (i.e., a fixed value for B) and a fixed value of
N while assuming a cylindrical geometry for all states of contraction. Using the triangle
approximation (Figure 4), values of D and θ are approximated for all length states L of the
PAM, using the following basic relations:

D =

√
B2 − L2

πN
(8)

θ = sin−1
(

L
B

)
(9)

With this work, we are considering braid elasticity effects which result in a value
of B that is no longer fixed. The stretched length of each thread is found through the
following equation:

Belastic = B0(1 + εbrd)

= B0(1 +
Tbrd

Ebrd Abrd
)

= B0(1 +
Belastic(Fact + PπR2)

nbrdLEbrd Abrd
)

=
B0

1 + B0
Fact+PπR2

nbrd LEbrd Abrd

(10)

where Tbrd is calculated using Equation (4); once again, the last term is excluded due
to a negligible value of σz. For this form of the equation, the interdependence between
the braid’s geometry and tension (and relative stretch) requires an approximation of R
and θ based on either the rigid braid assumption or experimental data. To avoid this
assumption, R can be removed as a variable of Equation (10) by insertion of Equation (8)
(where R = D/2). What remains is a nontrivial solution that requires numerical methods
to solve for Belastic:

0 = B3
elastic

(
B0Pπ

4N2π2nbrdLEbrd Abrd

)
+ Belastic

(
B0

nbrdLEbrd Abrd

(
Fact −

L2Pπ

4N2π2 − 1
))

+ B0 (11)

For this equation, Fact can be an input from experimental data, or estimated using
the Gaylord force equation (Equation (12)). In our test case, the elastic modulus of the
braid, Ebrd, is assumed to be 80.0 GPa which is the value found by performing a linear fit
of the stress–strain data obtained from the measurement of the PAM (Figure 5d). Now
with values of Belastic, the braid thread tension and length can then be calculated for all
pressure-contraction states of the PAM (Figure 7). The resulting thread tensions and thread
lengths in Figure 7 show that:

- Pressure increases result in increases in braid tension and respective braid stretch
- Maximum stretch occurs in the block force (i.e., resting length) state where the actua-

tion force and respective braid tension is largest
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The results show that the maximum braid stretch is 1.5 mm (0.6%) which occurs at
689 kPa.

(a) Tension in each thread of braid, Tbrd (b) Length of each thread in braid, Belastic

Figure 7. Thread tension and length with respect to contraction and internal pressure.

4.1. Effects of Elasticity with Kevlar-49 Braid

With the stretch of the braid threads now understood for all states of PAM length and
pressure, the effect of braid elasticity on its dimensions and actuation force can now be
investigated.

Having known values for Belastic, N, L, and Ebrd (80.0 GPa), the dimensions Delastic and
θelastic can be estimated using Equations (8) and (9) (Figure 8a). Figure 8b–d compare the
dimensions obtained from assuming the braid is elastic versus inelastic. As with the trends
shown for Belastic, the effects of braid elasticity are largest in the resting length state and
decrease as the PAM contracts. The difference in dimensions between assuming an elastic
braid versus an inelastic braid is barely perceptible. The elasticity of the braid resulted in
a maximum decrease in braid angle of 0.73 degrees (1.1%), and a maximum increase in
diameter of 1.0 mm (3.8%).

The effect of braid elasticity on actuation force can now be investigated with knowl-
edge of the change in the PAM’s dimensions. The Gaylord force FG—which approximates
the actuation force of the PAM—is used to calculate the expected change in actuation force
and is defined as:

FG = PπR2(2tan2θ − 1) (12)

where inputs include internal pressure P, and the dimensions R and θ. The effect of the
braid’s elasticity on the Gaylord force is shown in Figure 9. The relatively small change
in the PAM’s dimensions with the inclusion of braid elasticity results in a similarly small
effect on the actuation force; the inclusion of the effects of braid elasticity resulted in a 28 N
(0.6%) decrease in force in the resting length state, and a 13 N (5%) decrease in force in the
free contraction state.

The overall effect of the Kevlar braid’s elasticity is minimal with only small effects
on the resulting dimensions and actuation force of the PAM. Therefore, the inelastic braid
assumption could be reasonably assumed for basic modeling efforts with this PAM. Future
PAM-related research, however, should be careful to not use this conclusion to univer-
sally assume that the inelastic braid assumption is sufficient for other PAMs of different
constructions. The Kevlar-49 braid used in this work, with a cited modulus of 112 GPa
(16.3× 106 psi), has a very high degree of stiffness in comparison to other braid materials
that are commonly used such as Nylon (3.4 GPa) [34], and polyethylene terephthalate (PET)
(4.3 GPa) [8].
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(a) Elastic braid dimension definitions
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Figure 8. Estimated braid dimensions for the Kevlar-49 braid (Ebrd = 80.0 GPa)—comparison between
elastic (colored lines) and inelastic (black dashed lines) braid assumptions.
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between elastic (colored lines) and inelastic (black dashed lines) braid assumptions.
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4.2. Estimated Effects of Lower Stiffness Braid Materials

PAMs commonly use braid materials that have a much lower modulus of elasticity
than Kevlar-49 [35]. To investigate the effects of a lower stiffness braid material, a case
study is performed. This case study assumes a braid modulus that is 10% of the stiffness of
the tested Kevlar-49 (from linear fit of the nonlinear region) (8.0 GPa) while maintaining
the same actuation forces and initial dimensions of the tested PAM. This assumed modulus
value is much closer to that of commonly used materials such as Nylon and PET.

The effect of the braid’s elasticity on the PAM’s dimensions and actuation force is
investigated again for comparison (Figure 10b–d). In contrast with the previous results—
where a relatively stiff braid was used—the magnitude of stretch estimated for the lower-
elasticity material is substantial. The estimated stretch of the braid threads is 15.6 mm
(5.8%). This results in a substantial decrease in braid angle of 6.3 degrees (12.3%), and an
increase in diameter of up to 11.0 mm (30.1%). These results are comparable to the work
of Davis [15], where 5% braid stretch and 33% diameter expansion were observed with a
PAM that used a Nylon braid. The similarities between the values observed by Davis and
the estimated values in this research support the fidelity of this case study.
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Figure 10. Gaylord actuation force model estimates for braids of different stiffnesses—comparison
between elastic (colored lines) and inelastic (black dashed lines) braid assumptions.

The elasticity of the braid, and respective changes in braid dimensions, result in a sub-
stantial decrease in actuation force with the inclusion of braid elasticity effects (Figure 10).
When compared to the inelastic braid assumption, the force in the resting length state
decreases by up to 370 N (8%) at 689 kPa, while the force at free contraction decreases by
up to 210 N (70.4%). Through this example case study, it is evident that the elasticity of
the braid can have a substantial effect on the resulting dimensions and actuation force of
the PAM.

Table 2 provides further context on the effects of accounting for braid stiffness—
in comparison to the inelastic braid assumption—on a PAM’s estimated diameter and
actuation force for a range of different braid materials. This table can be used as a reference
for future works when considering—based on the braid material used—if the inelastic
braid assumption can be reasonably applied for modeling and analysis efforts. In Table 2,
six different materials are used to represent the full stiffness range of low- to high-stiffness
braid materials. Cited stiffness values for Kevlar-49, PET, and Nylon are used, along with
generalized high-, medium-, and low-stiffness braid values; the high-stiffness braid value
is based on the experimentally characterized Kevlar-49 braid value (Ebrd = 80.0 GPa), while
the hypothetical medium- and low-stiffness braid materials are 50% and 10%, respectively,
of the high-stiffness braid’s value. The table makes clear the relatively small error in
using the inelastic braid assumption when relatively stiff braid materials are used, and the
relatively large error in using this assumption when relatively soft braid materials are used.
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Table 2. Model differences by assuming the braid is elastic instead of inelastic (at 689 kPa).

Braid Material
Elastic Diameter Thread Actuation

Modulus Change Stretch Force Change
[GPa] [%] [mm] [%] [mm] [%] [N]

Kevlar−49 [31] 112 2.6 0.7 0.4 1.0 −0.4 −19.1
High Stiffness (Meas. Kevlar) 80.0 3.8 1.0 0.5 1.4 −0.6 −28.5
Medium Stiffness (50% of Kevlar) 40.0 7.8 2.2 1.1 2.8 −1.3 −61.8
Low Stiffness (10% of Kevlar) 8.0 30.1 11.0 5.8 15.6 −8.4 −369.5
Nylon [34] 4.3 45.5 21.3 11.9 33.9 −21.2 −835.0
PET [8] 3.4 51.8 27.5 15.6 46.3 −32.4 −1170.0

5. Conclusions

Prior to this study, the effects of braid elasticity on PAM actuation characteristics
were not well studied. As a result, the inelastic braid assumption has been widely used to
simplify analysis. A lack of experimental data on the effects of braid elasticity caused this
assumption to persist, and its validity must be questioned.

The introduction of a photogrammetric method of measuring PAM dimensions en-
abled analysis of braid elasticity and its effects on PAM actuation. Photogrammetric
measurements showed that the 22.2 mm diameter PAM would expand in diameter in
its resting length state by 1.1 mm with an increase in pressure from 0 to 689 kPa. Using
the triangle relationship enabled by the cylindrical approximation, this indicated that the
Kevlar braid was stretching by up to 0.5%.

Through investigation of braid elasticity using PAM measurements during actuation,
the braid was found to operate primarily in the initial nonlinear region of its stress–strain
curve. Furthermore, the stress–strain curve developed from the in situ measurements
of the PAM was found to closely replicate the nonlinear stress–strain relationship found
through tensile testing of individual threads. The linear modulus of elasticity obtained
from measurements of the PAM was within 5% of the cited value of Kevlar-49 which aided
in assuring the fidelity of the braid elasticity analysis.

The effects of the braid stretch on the resulting dimensions and actuation force of
the PAM were quantified. It was found that the Kevlar braid of the tested PAM had an
appreciable, but minimal, effect on the dimensions (3.8% maximum increase in diameter)
and actuation force (5% maximum decrease). A case study was performed using a modulus
of elasticity value similar to that of other commonly used braid materials, and the study
found that these less-stiff braid materials would have a significant effect on the dimensions
(30.1% maximum increase in diameter) and actuation force (70.4% maximum decrease) of
the PAM. The effects of elasticity were especially noticeable in the blocked force state where
the actuation force, and resulting tension on the braid threads, is highest in magnitude.

Overall, braid stretch, especially with a lower modulus of elasticity braid materials, can
have a substantial effect on the dimensions and actuation force of the PAM. This research
demonstrates that the inelastic braid assumption cannot be applied in all situations as
has commonly been done in previous work with PAMs. To ensure accurate analyses, the
material and loading of the braid must both be considered to ensure that the effects of braid
elasticity on PAM actuation are accurately represented.
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