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Abstract— Soft pneumatic actuators can allow robotic ma-
nipulators to interact safely in complex environments in close
proximity to humans, but work still needs to be done controlling
them more effectively. We explore this area by introducing a
2-degree of freedom (DoF) universal joint module actuated by
three reverse Pneumatic Artificial Muscles (rPAMs) and an
associated geometric Jacobian-enhanced iterative sliding mode
controller. After demonstrating the effectiveness of this con-
troller, we combine two of these modules to form a 4-DoF soft
actuated manipulator. To control this modular manipulation
system, we propose two controllers: a direct inverse kinematic
(IK) controller and an end-effector geometric Jacobian con-
troller. Though both controllers were validated to function
effectively, the Jacobian controller was more precise (especially
under payload) while the IK controller was more accurate.

I. INTRODUCTION

Recent robotics research has seen the emergence of soft
robotic arms [1]-[10]. Compared with the rigid manipu-
lators, these soft arms are low-cost and more appropriate
for human-robot interaction. Soft robotic systems commonly
utilize pneumatic actuators [5]-[9]. However, motion control
of pneumatic soft actuators is challenging and remains an
open topic of research. First, theoretical modeling of a soft-
actuated robot is not trivial, because the continuous shape of
the soft actuator influenced by gravity is difficult to predict.
Second, the dynamic behavior of these actuators includes a
nonlinear time delay as pressurized air is introduced and re-
leased through valve commands. The control schemes of [5],
[8], [9] are used on two degree freedom soft manipulators.
In general, these papers directly control the input flow rates
or air pressures, the infrastructure for which is often both
bulky and expensive.

In our previous work [11], [12], we introduced the motion
control of a 1-Degree of Freedom (DoF) joint driven by
our soft pneumatic actuators, reverse Pneumatic Artificial
Muscles (rPAMs), which combine the properties of the McK-
ibben Actuator and the Fluidic Elastomeric Actuator [13]-
[15]. In addition, we performed precise motion control using
an iterative sliding mode feedback controller augmented by
a feedforward term. These controllers modulated the state
of miniature solenoid binary valves connected to a constant
pressure source to drive each actuator, reducing the system
cost and complexity.

The study detailed in this paper provides a realistic
application of soft actuators driving a modular kinematic
chain in an antagonistic arrangement (as seen in Figure
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Fig. 1. A CAD model (left) and a physical prototype (right) of the 2-DoF
universal joint module operated by 3 rPAM soft actuators in antagonism.

1). Our approach is to operate a 2-DoF universal joint,
as a representative system, controlled precisely using three
rPAMs. This represents a module, which can be combined to
form more complex chains. To demonstrate this, we expand
the system by cascading a pair of the soft-actuated universal
joints, resulting in a 4-DoF soft-actuated manipulator.
Motion control of the recently developed soft pneumatic
actuators has little precedence in the literature. Due to
valving hardware limitations to control multiple degrees of
freedom in a compact space, our strategy is to treat the
duty cycle of a pulse width modulation (PWM) signal of
solenoid valves as control input to regulate a position error
vector [11], inspired by methods to control rigid pneumatic
piston actuators. Based on our prior work in this area, we
combine an iterative sliding mode controller with a geometric
Jacobian. This approach can be used for each module in
the manipulation system separately, as they operate indepen-
dently of each other. In addition, we present a simple direct
inverse kinematic model to calculate the joint angles required
to hold the upper joint horizontal at any reachable point.
The contributions of this work include:

e The improvement of our rPAM actuators to increase
their reliability;

o Development of a soft-actuated 2-DoF universal joint
module and associated controller to increase control
pneumatic efficiency; and

o The cascading of these modules to create a 4-DoF
soft actuated manipulator with associated motion con-
trollers.

This paper starts with a description of the fabrication
of the new actuator and joint. It then describes the work
with the single 2-DoF joint, including kinematic modeling,
updated iterative sliding mode control, and experimental
results. Next, it describes work with the 4-DoF manipulator,
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Fig. 2. The fabrication process of the soft linear actuator.

including design, modeling, inverse kinematic control, and
experimental results. Finally, it ends with a discussion and
future directions of research.

II. DESIGN AND FABRICATION

A. Fabrication of the Soft Actuator

Our reverse pneumatic artificial muscles (rPAMs) are fab-
ricated by molding silicone rubber (Smooth-on Dragonskin
10) in a 3-D printed mold. The step-by-step fabrication
process (shown in Fig. 2) is described below:

Step 1:Insert a carbon fiber or metallic rod of appropriate
diameter into the center of the body mold to create
the hollow cylindrical core inside the actuator.
Introduce silicone rubber into the body mold.

Step 2: After silicone rubber has cured, remove the rod
inside the body mold, then remove the silicone
from the body mold. Tie two symmetrical helices
of thread around the cylindrical silicone rubber
body guided by the grooves. Apply an outer layer
of uncured silicone rubber around the threads to
permanently bond the thread to the actuator.

Step 3: Sandwich each of the ends of the actuator between
two layers of acrylic with an integrated vent screw
to serve as pneumatic fitting and tighten to form
the end caps.

This fabrication process is a simplification of our previous
approach, requiring fewer fabrication steps and less molding.
In addition, the acrylic and vent screw provide a more
secure and repeatable interface for the input air line, which
was previously the most common point of failure. These
actuators can reliably withstand actuation pressures of 30 psi.
In addition, the screws on either end of the actuator allow it
to be easily mounted to external rigid structures.
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Fig. 3. Kinematic model of the 2-DoF module. Blue lines represent the
links, red lines represent the actuators, green lines represent the axes of
rotation, and the dashed black lines represent the moment arms for the
torque generated by each actuator.

TABLE I
KINEMATIC PARAMETERS OF THE 2-DOF MODULE MODEL.

Change | Quantity
Z-Translation | 37.5 mm
X-Rotation 01
Z-Translation | 5 mm
Y-Rotation 2>
Z-Translation | 37.5 mm

B. Module Design

To demonstrate the usability of this type of actuation, we
designed a universal joint to be driven by 3 rPAMs. This
design methodology is scalable, to be used for controlling
robotic limbs in 3-dimensional space. In addition, the cou-
pled use of three actuators for 2-degrees of freedom (com-
pared to two antagonistic actuators for each DoF) reduces the
electronic and pneumatic infrastructure. The final prototype
can be seen in Figure 1. The joint was 3-D printed out of
PLA with steel axles. The two axles of the universal joint are
offset slightly, and mounted with bearings to reduce friction.
In addition, we used miniature potentiometers on each of the
axles to provide reliable feedback for closed-loop control.

The module is designed to be longer than the nominal
length of the actuators, forcing them to be pre-strained during
assembly. This prevents the actuators from getting in the way
of joint movement when pressure is released. Without a pre-
strain that keeps the soft actuators under tension, the joint
will collide with an actuator during operation, forcing it to
compress and buckle outwards, thus reducing the mobility of
the joint. The amount of pre-strain is not trivial to determine
a priori. A trade-off seems to exist between the motion range
and reliability of the modules, as a function of pre-strain. A
large pre-strain value causes the joint to be unstable under
increasing equal pressure inputs. Instead of staying perfectly
vertical, the module would toggle between extreme angles.
A moderate pre-strain eliminates this problem.
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Fig. 4. The step response behavior of the controller with the 2-DoF joint.
The desired angles are 20°.

III. SOFT-ACTUATED 2-DOF MODULE
A. Kinematic Model and Control

For any robotic manipulator, it is useful to have a kine-
matic model. In the proposed module, rPAMs are mounted
at radially symmetric increments of 120 degrees from each
end, starting at [40 mm 0 0]. A graphical representation
of the module kinematics is shown in Fig. 3. The general
parameters we used can be seen in Table I. This model was
used to develop the joint control algorithm described in detail
below.

Our previous work [11] resulted in an iterative sliding
mode control law shown in Equation 1, which we used to
control a 1-DoF joint.

u(t) = u(t — At) + K (€, + De,), (1)

where u is the control input, e, and e, are the error and
its time derivative, respectively, and K and D are control
coefficients. Expanding this control law to a 2-DoF system
is not straightforward, as multiple actuators must interact to
move the joint to a desired state. To address this, we used
the assumption that changing the control input to a given
actuator (representing the PWM valve duty cycle) will cause
that actuator to extend or contract accordingly.

Using the kinematic model, we can determine the level of
extension or contraction required from each actuator in order
to move the module towards the desired angle combination.
Using the forward kinematics of the 2-DoF module, the
following equation can be written for the length of a given
rPAM:

Li = fi(61,02), 2

where L; is the length of actuator i. From here, we can
calculate a Jacobian, taking partial derivatives with respect
to each joint angle.

dL, dLg
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Fig. 5. The trajectory following results for the 2-DoF joint following a
circular path. The period is 8.5 seconds and the amplitude is 15 degrees.

These equations are long and complicated, and thus it
is computationally expensive to calculate them at every
iteration of the control loop. Linearizing (3) at #; = 0 and
02 = 0 (straight configuration) results in the following:

dL, ~0.43301 0257 )
dLy| = | 0.43301  0.25 [ le} . 4)
dL, 0 —0.5 2

As the system has no singularities, this linearization would
work for the entire workspace. Equation 4 allows us to
calculate the change in actuator lengths required to match
a desired change in the angles. Assuming that an increase
in control input to an actuator will result in that actuator
increasing in length (or at least exerting force along its axis),
we can combine (4) and (1), yielding the control law:

Ug (1) Ug (t — At)
ub(t) = |up(t — At) +
uc(t) uc(t — At) )
—0.43301  0.25 .
K (é91 + Deg1)
+ | 0.43301 0.25 . .
0 —0.5 K(€92 +D€92)

B. Experimental Results

To demonstrate the effectiveness of this controller, we
applied it to various trajectories. Figure 4 is a represen-
tative example of the controller trying to reach an angle
combination. In this trial, #> reached the desired angle of
20 degrees after less than 0.25 s while #; reached the same
target after 0.5 seconds. Not only was the target reached in
less than a second, but the controller was capable of holding
that position within £1 degree.

In addition, we have the controller follow a series of
circular paths. These paths were generated by giving offset
sinusoidal waves to each angle. An example of the controller
following such a trajectory with period 8.5 s (0.1176 Hz) and
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Fig. 6. A graph of the mean and standard deviation of the amplitude
and phase delay of the 2-DoF joint trajectory with respect to the reference
trajectory over changing frequencies. Data from three trials was used for
this plot. The desired amplitude was 15 degrees.

15-degree amplitude can be seen in Figure 5. The controller
follows the given trajectories with relative accuracy, while
occasional oscillations are observed. This is likely a result
of latent dynamic effects from the PWM-operated valves.
In addition, #; overshoots on both sides just after the wave
switches direction.

We performed this test over a range of reference periods
to determine the amplitude and phase lag of the closed
loop system. We performed this experiment three times
and calculated the mean and standard deviation. A plot of
these results can be seen in Figure 6. The phase lag for 6,
was consistently lower, though both increased linearly with
respect to frequency. 67 had a slightly larger amplitude than
the desired 15 degrees at lower frequencies, while 65 had the
desired amplitude. Both amplitudes slightly decreased as the
frequency increased, as expected, but remained close to the
desired value for the tested frequency range.

IV. 4-DOF MODULAR MANIPULATOR

In order to expand our 2-DoF module into a 4-DoF ma-
nipulator, we mounted two universal joint modules in series,
as seen in Figure 7. The kinematics of the 4-DoF system
utilizes the model from Table I twice, with a 30 mm vertical
offset and a 60-degree rotation at the interface between the
modules resulting in the model that can be seen in Figure 8.

To show the workspace of this soft-actuated manipulator,
we used the kinematic model and plotted the tip location
(centroid of the top plate) for combinations of joint angles
between [—7/6 , 7/6]. The resulting graph can be seen in
Figure 9.

A. Control

To enact meaningful control with the manipulator, we
developed two separate motion controllers. The first con-

Fig. 7. A CAD model (left) and a physical prototype (right) of the 4-DoF
soft actuated modular manipulator.
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Fig. 8. Kinematics of the 4-DoF manipulator. Blue lines represent the
joint, itself. Red lines represent the actuators, green lines represent the axes
of rotation, and the dashed black lines represent the moment arms for the
torque of each actuator around each axis.
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Fig. 9. A graph of the workspace of the 4-DoF manipulator when the
joints can travel 7 /6 radians in each direction.
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Fig. 10. The actual and reference joint trajectories of the 4-DoF manipulator
end effector when using the IK versus Jacobian control.

troller was a direct inverse kinematics (IK) based controller.
Because we were using a 4-DoF manipulator in 6-DoF space,
we ignored the z-position and z-rotation of the end-effector.
For simplicity, we assumed that the rotational components of
the final position are O (the platform is level). From there, we
used the kinematic model to determine all the joint angles
and resulting positions that satisfied those conditions. We
used this data to fit a series of polynomial functions relating
a desired end-effector position to required angles for each
joint. Our IK controller used these functions to calculate all
4 required angles, and use the controller in (5) to reach the
target.

The second controller used a geometric Jacobian approach
similar to the one presented in Section III-A. Using the
kinematic model, we developed linearized Jacobian matrix
equations relating changes in joint angles to changes in
actuator length (6) and end-effector position (7), respectively:

dL = Ad0, (6)

dz = Bdb, (7)

where I is the vector of actuator lengths, g is the vector of
joint angles, 7 is the end effector position, and A and B are
the linearized Jacobian matrices. Just like (4), A and B were
linearized at 6 = [0 0 0 O]T. We multiplied (7) by the
pseudo-inverse of B on the left, and substituted into (6) as:

dL = AB*dz, (8)
which was combined with (1), yielding:
d(t) = d(t — At) + ABTK(éz + Dez), )

where # is the control input to each actuator, éz is the change
in error for each controlled value of the end-effector position,
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Fig. 11. The actual and reference joint trajectories of the 4-DoF manipulator
end effector carrying 80 g of payload when using the IK versus Jacobian
control.

TABLE I
MEAN AND STANDARD DEVIATION OF THE RADIUS OF THE CIRCULAR
END-EFFECTOR TRAJECTORY.

| No Payload | 80 g Payload
IK 32+ 5.8 mm | 32+ 8.4 mm
Jacobian | 38 £5.2 mm | 35+ 4.4 mm

ez 1s the end-effector position error, and K and D are scalar
control coefficients. This controller requires calculating the
forward kinematics of the manipulator within the control
loop, but this was observed to not reduce performance.

B. Experimental Results

To experimentally compare their performance, we applied
the direct IK and Jacobian approaches to the 4-DoF manipu-
lator. For these tests, we had the end effector follow a circle
around the origin with a radius of 30 mm at a period of 15 s.
The end effector positions for both controllers can be seen
in Figure 10 where the IK controller is more accurate than
the Jacobian controller, but exhibits a similar level of noise.

There may have been too much information loss when the
control matrices were linearized, reducing the fidelity of this
controller. On the other hand, doing entirely separate control
of the two 2-DoF joints likely introduce additional noise in
the IK controller, as both joints separately oscillate around
their desired angle combinations. Quantitative analysis of the
end-effector trajectories can be seen in Table II, where data
is shown in Mean £ Standard Deviation form.

In addition, we tested both controllers while the manipu-
lator was carrying a payload of 80 g, the end-effector data
for which can be seen in Figure 11. With 80 g of payload,
IK controller still follows the desired trajectory with similar
accuracy, but the noise in the data increases. It is likely



that the additional mass amplifies the dynamic effects of the
6 valves operating simultaneously. On the other hand, the
noise of the Jacobian controller did not change significantly,
though the motion of the end-effector remained outside of
the desired trajectory.

V. CONCLUSION AND FUTURE WORK

We developed a new soft pneumatic actuator that was both
more reliable and easier to fabricate and use. Three of these
new actuators were employed to drive a 2-DoF universal
joint module, reducing the required pneumatic and electronic
infrastructure. We derived a Jacobian-based iterative sliding
mode controller to control the module, and demonstrated
its effectiveness in following step functions and sinusoidal
trajectories. We mounted two of these modules in series to
create a 4-DoF soft-actuated manipulator.

We stuedied two motion control approaches for this 4-DoF
manipulator: a direct IK enabled controller, which calculated
desired joint angles and ran the 2-DoF controller separately
for each joint, and an end-effector Jacobian controller, which
directly related the end effector position error to a required
change in control input. We tested these controllers when
following a circular end-effector trajectory and found that
the Jacobian controller was more precise (especially under
additional payload), while the IK controller was more accu-
rate.

We observed both qualitatively and in the data (Figure 5)
that the lower joint had more difficulty following trajectories.
This is likely because of the additional weight resting upon
it, but it brings up some interesting questions regarding soft
actuated manipulator design. We conclude that, for improved
performance, a soft actuated manipulator should have dif-
ferent actuators and geometries (including the amount of
pre-strain) at each joint to fulfill their individual force and
workspace requirements. This could result in a manipulator
design optimization similar to our recent work in [12].

One of the problems that this modular manipulation sys-
tem faced was with oscillations in the joints, and correspond-
ingly, the end-effector position. This is primarily the result of
the PWM duty cycles of each of the valves creating dynamic
effects that ripple though the system. It was observed that
higher-magnitude oscillations would often occur at the exact
same part of a repeating trajectory over multiple cycles. We
are currently unable to predict this behavior, but one way
to lessen their effects would be to increase the PWM signal
frequency. In addition, we are looking into the possibility of
using separate valves to control the inlet and outlet of each
actuator, which would allow us to more completely control
the system and allow for full-stop capability at the cost of
doubling the driver signals required.

Despite the reduction in pneumatic infrastructure (com-
pared to an antagonistic control configuration) involved in
controlling 2 degrees of freedom with 3 rPAMs, it is still a
redundant system. The geometric Jacobian control method
only calculates changes in control inputs to each actuator
until the desired angles are reached, meaning that the initial
control inputs (or a common pressure offset for all rPAMs)

represent a missing degree of control. Differing initial control
inputs will result in different pressure combinations at the
goal state. This was used to increase the performance of the
lower joint in the 4-DoF manipulator; we increased the initial
input to reduce a behavior where the joint would pass over an
axis and overshoot before being caught by the other actuator.
We would like to investigate this behavior in greater detail.
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