








cates the amount of twist. Both constraint modes achieved

a range of ±60◦. For both the ICA and SCA modes, the

theoretical limit for twist when α = β is equal to the arc

angle (γ) and can be calculated from (Eqn. 1). This limit

occurs, because as the actuator pressurizes, it begins to

elongate or bulge. In this process, the actuator twists until

the fibers become aligned with the length of the actuator.

If both α and β are positive, it will lead to a negative

twist to “undo” the fiber angle, and if both are negative,

there will be a positive twist. For example, when α = 30◦

and β = 30◦, the maximum twist would be -88.2◦, and

when α = 10◦ and β = 10◦, the twist is -26.9◦. In Fig. 5,

we can see twist quickly plateaus for smaller fiber angle

combinations at 17.2 kPa, but continues to increase for larger

α and β values. As pressure increases, the AFREE converges

towards its twist limit. When α and β are equal and opposite

(α = -β ), the AFREE threading is symmetric. Because of

the symmetric threading, there is a force balance causing

minimal twist as shown on each downward diagonal in Fig. 5.

At the highest pressure, the ICA and SCA modes begin

to exhibit more similar twist angles (Fig. 5). However, at

lower pressures, there is a slight bias in twist dictated by the

larger fiber angle. In Fig. 5, SCA at 10.3 and 24.1 kPa shows

less symmetry about the line α = β . Because length is held

constant based on α = |30◦| and β = |30◦|, any time that the

fiber angles are different, the constraints will not be activated

at the same time. Since slack length increases as α and β
move towards zero, the further a fiber angle is from zero, the

earlier it gets activated. Therefore, in the 10.3 kPa condition

in Fig. 5, when there are larger differences in fiber angles

in the SCA mode, the larger angle tends to dominate. This

results in twist at more fiber angle combinations in the SCA

mode compared to the ICA mode at 10.3 kPa. There also

appears to be a slight bias evident in the AFREE SCA mode

with a larger twist preference with respect to the α fiber.

This can also be seen slightly in the ICA mode at 24.1 kPa.

This indicates that the fiber ring offset, may have an impact

in AFREE output, and it is more pronounced when the α
and β fibers are at different lengths.

C. Displacement

Figure 6 shows the displacement of the AFREE for both

constraint cases. Displacement ranged between −2 mm and

4 mm. Unlike the results for twist, the constraint case, ICA

or SCA, had a big effect on the shape on the displacement

workspace. The AFREE’s displacement is generally larger

at all fiber angles for the SCA mode, because there is more

fiber slack. Under SCA, higher displacements occur when the

fiber angles are equal and at smaller fiber angles, since there

will be more slack. Because the actuator without constraining

fibers naturally extends, displacement is maximal when the

slack is highest, i.e. α = β = 0◦. For the smallest fiber angles,

the actuator initially extends, but then begins to shorten as

it engages the fiber constraints, as seen at 17.2 kPa and

24.1 kPa.

When fibers are controlled using the ICA mode, there is

less slack to allow for displacement. Maximum displacement

occurs when fiber angle orientation is equal (α = β ),

allowing maximal twist, and when the fiber angle is large,

since larger angles provide longer fiber lengths across the

actuator. As the actuator twists, the fiber angles straighten.

This gives slack to the fibers that can be used to extend

the AFREE. The ICA case also leads to more configurations

where the actuator shortens. ICA shows shortening primarily

about the line β = -α , because there is minimal twist due

to the symmetric threading. Since twist is minimal and there

is no fiber slack for elongation, the AFREE will bulge and,

therefore, shorten as pressure increases.

D. AFREE Workspace

In a study of twist and displacement with FREEs [19],

mirroring was used to minimize the number of experiments,

since the data should be symmetric about the α = −β line,

and redundantly labeled about the α = β line. In this AFREE

system, the activating constraint fibers are slightly offset, by

approximately 4 mm. Because of this, the entire α and β
fiber angle range was tested to observe the effects of this

offset.

The offset in the AFREE in this study appears to have only

a small effect, since the expected symmetry can be seen in

Fig. 5 and Fig. 6. There is slightly less symmetry in the SCA

conditions, which may be due to the sequential activation of

the constraints causing intermediate states, which are dictated

by fiber length, rather than fiber angle as in traditional

FREEs.

Figure 7 shows the output space of the two fiber lengthen-

ing modes across different pressures. Under ICA, displace-

ment and twist show fairly linear relationships, mirrored

about the line where there is zero twist. Under SCA, the

displacements and twists at 10.3 and 17.2 kPa show more

variability, because there is variability in fiber constraint

activation. This leads to an overall larger workspace in twist

and displacement when we allow fiber slack (SCA), though

potentially at the expense of a more complex model

E. Dynamic Response

As pressure increases, the actuator can either lengthen

or bulge and shorten, depending on how the constraints

are activated. This becomes more complex when examining

the SCA case, as constraints do do not necessarily start

activated. Figure 8 shows the response of the AFREE when

pressurized with fiber angles α = β = 0◦ in the SCA mode.

As the pressure increases, there is initially extension. At

about 2.8 s the extension reaches a peak, when the actuator

has expanded 3 mm, which is approximately the slack length

at this orientation. This is where the fibers become active.

As the pressure increases further in the AFREE, the fibers

remain active, preventing further expansion, thus causing the

shortening seen for 17.2 and 24.1 kPa. For the 10.3 kPa

condition, the displacement begins to slowly increase and

go to a steady state. This slow increase is likely due to the

small elasticity in the nylon fibers, which allow for slightly

more displacement. These dynamic properties can be further

evaluated to create a multi-step system output.
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Fig. 7: The AFREE introduces a dynamic output space for

twist and displacement while traditional FREEs only produce

a single set of outputs. At 24.1 kPa, the Immediate Constraint

Activation (ICA) and Sequential Constraint Activation (SCA)

modes begin to produce similar twist outputs. At 10.3 kPa,

not all of the constraints for the SCA mode are active, so

there is a wider variation in twist and displacement outputs.
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Fig. 8: The dynamic response of the AFREE (shown for α =

0◦ and β = 0◦, SCA) shows how constraints activate once the

fibers undergo tension. Once the constraint is activated, the

steady state (dashed lines) decreases as the actuator begins

to bulge and shorten rather than elongate.

IV. CONCLUSION

In this paper, we show the design and fabrication of an

Active Fiber Reinforced Elastomeric Enclosure (AFREE)

that can twist, elongate, and contract by actively changing

the two fibers’ angles prior to pressurization. Unlike other

soft actuators with a single deformation output, the static

experiments show that the current AFREE can achieve a

twist of ±60◦ and displacements between -2 and 4 mm at

24.1 kPa with -30◦ to 30◦ fiber angles. Furthermore, the

AFREE output can be modified by changing the fibers slack

length in addition to the fiber angles.

The potential workspace of the AFREE is much larger than

the workspace shown in this paper, because in theory, the two

fiber angles can reach ±90◦. However, in the current design,

we only tested a subset of the workspace, since systematic

tensioning is needed; if the outer ring of fibers is too tight, it

will prevent the inner ring of fibers from achieving its desired

angle. To solve this problem, there can be better control on

thread length, such that the threads do not interfere with each

other. Additionally, tension sensors can be integrated to help

control thread length.

In the future, we will include an additional fiber constraint

that can be used like a tendon to create bending in any

direction, allowing the actuator to twist, bend, extend, and

contract to map to a three-dimensional workspace. Future

work also includes static model verification, force and torque

measurements, and position control of the AFREE based

on the existing FREE models. This will allow for precise

control of the AFREE output. We will also further explore the

dynamic behaviors in the SCA condition to leverage desired

dynamic responses for the AFREE.

To make a soft continuum manipulator, the ratio of rigid

to soft components of the AFREE will be reduced and con-

nected in series. The AFREE can be miniaturized by placing

the motors at one end or within the actuator. Since each

AFREE will have the potential to reach a large workspace

with a reliable, predictable model for control, they can create

a soft continuum manipulator that can achieve precise control

tasks.
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