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Abstract— Soft robots are promising for manipulation tasks
thanks to their compliance, safety, and high degree of free-
dom. However, the commonly used bidirectional continuum
segment design means soft robotic manipulators only function
in a limited hemispherical workspace. This work increases a
soft robotic arm’s workspace by designing, fabricating, and
controlling an additional soft prismatic actuator at the base
of the soft arm. This actuator consists of pneumatic artificial
muscles and a piston, making the actuator back-driveable.
We increase the task space volume by 116%, and we are
now able to perform manipulation tasks that were previously
impossible for soft robots, such as picking and placing objects
at different positions on a surface and grabbing an object
out of a container. By combining a soft robotic arm with
a prismatic joint, we greatly increase the usability of soft
robots for object manipulation. This work promotes the use
of integrated and modular soft robotic systems for practical
manipulation applications in human-centered environments.

I. INTRODUCTION

Soft robots have interesting mechanical properties. For
example, they are able to bend continuously, and they are
more compliant than conventional rigidly linked robots [1]–
[3]. Soft robots are able to interact safely with humans and
their surroundings, both when they are operating successfully
and when they fail [4], [5]. These properties are useful for
manipulation. Another useful property for manipulation is
being able to reach various different positions, or reaching
the same position with different configurations. For soft
manipulators to become viable for general manipulation
applications, we must ensure that their workspace enables
them to reach different positions. The most common design
for soft manipulators is a coaxial continuum segment setup
in which multiple actuated continuum segments are aligned
along the same axis. To our knowledge, all previous soft ma-
nipulators have used this design, such as manipulators used
in works that investigate soft manipulator kinematics [6]–[8],
dynamics [9], [10], control [11]–[15], and learning [16]–[19].
This design utilizes the continuous bending nature of the
segments to reach desired positions.

However, since all of the segments are coaxial, the
workspace can be approximated by a hemisphere with only
a slightly variable radius. Crossections of this workspace
for different numbers of manipulator segments are shown
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Fig. 1. The workspaces of soft continuum manipulators with different
numbers of segments. The data was obtained through Monte-Carlo sampling
of forward kinematics. Manipulators with more segments have an increased
workspace, but retain the same workspace shape.

in Fig. 1. This workspace restricts soft manipulators’ ability
to perform manipulation tasks, and it requires a specially
designed environment for the manipulator to work properly.
These restrictions must be overcome so that we can develop
fully compliant and safe soft manipulators that are able
to perform general manipulation tasks in a multitude of
environments.

One option to overcome these restrictions would be to add
more coaxial continuum segments to the manipulator, such as
seen with the manipulator used in Jiang et al. [17], which
has 4 continuum segments. However, this approach would
not increase workspace significantly, as the coaxiality of the
added segments means that they preserve the hemispherical
shape of the workspace. This can be seen in Fig. 1. Addi-
tionally, control is a concern: the forward kinematic error
of the piecewise constant curvature (PCC) model increases
with each added segment. The error of the dynamic model
similarly increases with additional segments. The mass of
the manipulator also increases with added segments, thus
weighing it down. These effects are undesired for dynamic
motions. Instead, we could add a prismatic joint to the base
of the manipulator, which would allow us to increase or
decrease the height of the spherical workspace. This would
greatly increase the total workspace while adding only a
single degree of freedom, thus keeping model error relatively
small. Since the joint would be added at the base, the weight
of the manipulator itself would be unaffected, thus preserving
its ability to move.

In this work, we design, model, and control a backdrivable
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soft prismatic joint guided by the following principles:
Modularity: The design should be easy to swap, so we

can quickly improve on the design and perform experiments.
Modularity also allows flexibility in the choice of prismatic
actuator; different actuators can be tested. Since the soft
arm used in this work is fully pneumatically driven, we
additionally constrain the prismatic joint to be pneumatically
driven to ease the integration.

Model Compatibility: The analytical model should be
compatible with common kinematic and dynamic soft ma-
nipulator models so that existing controllers can be easily
integrated. In particular, it should be compatible with the
commonly used piecewise constant curvature (PCC) [20]
kinematic model and its respective dynamics, which are
described by the Euler-Lagrangian equation [11], or the
Augmented Rigid Body [10] approach.

Function Preservation: The actuator should preserve the
attached soft manipulator’s functions, particularly its lateral
stability and general safety. Therefore, the actuator must
be laterally stiff and axially compliant (i.e., it must be
backdrivable).

A. Related Work

The field of soft robotics offers a variety of actuation
methods [5], [21], [22]. These methods can be divided into
3 main categories: tendon-driven actuation, fluidic actuation,
and electroactive polymer actuation. Since tendons are not
suitable for bidirectional prismatic actuation, and electroac-
tive polymers currently have low strain rates, we chose to
focus on fluidic actuation.

Pneumatic Artificial Muscles (PAM), also known as McK-
ibbens, offer good contraction ratios and are easily manu-
factured [23]. They function by inflating a tube inside an
inextensible woven mesh that is able to expand and contract.
State of the art McKibbens can create strains of up to 35%,
while other types of PAMs can result in higher strains as
presented below ( [24]). [25] shows how McKibbens can be
braided if higher contraction ratios are needed.

Usevitch et al. developed a bidirectional pneumatic muscle
that is driven by a combination of pressure and vacuum [26].
Their pneumatic muscle is able to achieve excellent contrac-
tion ratios of 1000% by using a multichamber design.

Kazutoshi et al. used structure-integrated cylinders to
create a compact linear actuator for pneumatic actuation.
Their approach is comparatively lightweight and allowed
their robot to perform jump-and-hit motions.

Han et al. presented a pneumatic muscle that buckles a
support structure to achieve higher contraction ratios [27].
Their design offers high contraction ratios and can be 3D-
printed.

Jiang et al. used a soft manipulator to perform basic tasks
with kinematic learning-based control [17]. They mounted
the manipulator on a linear rail to open a drawer. While this
extended the taskspace horizontally, the soft manipulator’s
vertical workspace was still restricted. We note that the
authors likely use a kinematic controller for this 4-segment
manipulator and perform their control in the timeframe of

Fig. 2. The prismatic soft actuator. The Pneumatic Artificial Muscles
(PAMs) of the prismatic actuator are responsible for its contraction. The
central shaft in for of a piston acts as guidance, and also works antagonis-
tically against the PAMs when the piston is pressurized. The lever arms act
as mechanical leverage for the PAMs.

minutes. To the best of our knowledge, dynamic control of
a manipulator with this amount of segments has not been
shown, likely resulting from the large model errors such a
manipulator would have.

Marchese et al. designed, modeled and controlled a soft
manipulator [9]. In one of their experiments, they mounted
their manipulator to a slowly moving prismatic base. How-
ever, this moving base was neither modeled nor controlled,
and it did not play a major part in the experiments.

In our previous work Fischer et al., we used a 2-segment
soft manipulator to perform simple tasks with dynamic
model-based control [15]. The limited workspace affected
the tasks which were able to be shown.

Katzschmann et al. used an Augmented Rigid Body Model
to dynamically control a 3-segment manipulator in curvature
space. Their results show that quality of tracking perfor-
mance decreases with added segments.

The three aforementioned works demonstrate the need for
a linear joint to increase the workspace

B. Contributions

The main contributions of this work are as follows:

• We have combined a piston and PAMs to create a
bidirectional pneumatic actuator that minimizes steady
state error and is backdriveable.

• We integrated a prismatic actuator into a soft continuum
manipulator, increasing its workspace by 116%.

• We demonstrated a soft robotic system using multiple
soft actuator types to perform workspace-demanding
tasks such as a pick-and-place task and grabbing an
object from a container.



II. DESIGN AND FABRICATION

A. System Overview and Requirements

SoPrA is a soft continuum manipulator that was developed
by Toshimitsu et al. [8]. It features a fiber-reinforced three-
chamber design, and it is pneumatically actuated. We chose
to use SoPrA for this work out of convenience, since it is
available to our lab.

SoPrA consists of two continuum segments that can each
actuate in x and y direction, giving it 4 degrees of freedom.
The resulting workspace can be seen in Fig. 2. To achieve a
maximal increase in the workspace, we choose to place our
prismatic joint at the base of the manipulator. Since SoPrA
can perform quick, dynamic motions [15], we must consider
the lateral inertial forces at the base. SoPrA is driven by a
pneumatic valve array with pressures up to 2 bars. It is not
able to create a vacuum. Therefore, the pneumatic actuator
must be compatible with this pressure range. SoPrA uses a
motion capture system and bend sensors to estimate state. We
therefore chose to use motion markers to capture prismatic
joint extension.

B. The Prismatic Joint

Taking this into account, we designed a prismatic actuator
consisting of three main components:

• A shaft, which guides the actuator as it moves. The shaft
creates the required lateral stiffness, and it can use the
inbuilt piston to create a downward force.

• The pneumatic artifical muscles, which contract up-
wards and hold the prismatic joint in place.

• The lever arms, which are used as contraction multipli-
ers for the PAMs.

We choose to actuate our prismatic joint pneumatically
because the compressibility of air makes it compliant. Ad-
ditionally, we are able to use the pre-existing valve array
to power the prismatic joint, making integration with the
manipulator easy.

The collapsing shaft in the middle of the actuator serves
as a backbone to which all other subsystems are attached.
We placed symetric mounting platforms on both ends of the
shaft. Each of these platforms features three screw clearance
holes. We mounted infrared motion capture markers on these
platforms for sensing.

The shaft’s main active functions are to linearly guide
the actuator motion and to provide a downward force using
a piston. The actuator must be constrained laterally to
prevent oscillation and uncontrolled movements. Therefore,
we manufactured the shaft with tight tolerances using stere-
olithography 3D printing. To provide the desired extension,
the shaft also acts as a piston. We sealed it with two o-
rings, and placed a pressure inlet valve at the top. We coated
the piston with silicone oil so it can move smoothly while
retaining tight tolerances.

PAMs are an ideal choice for the prismatic actuator’s
contraction mode. While alternative actuators could also be
used for this purpose, PAMs are easier to manufacture and
control than, for example, soft silicone actuators, which
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Fig. 3. Pressure-extension relationship of the PAMs manifests hysteresis.
The two curves represent contraction and relaxation, respectively. We
interpolated between the hysteresis functions based on velocity to obtain
the local pressure-extension relationship.

are more suited to bending than prismatic motion. PAMs
also have good force-weight ratios, and their pressure-strain
relation minimizes drift. The PAMS were manufactured by
embedding a silicone tube into a PET cable sleeve and
sealing the ends using a fishing line. Attachment points were
directly tied onto the mesh during the sealing process. The
bottom of the PAM was completely sealed, and the top
featured a small inlet valve to allow for actuation. The PAMs
measured 13.2 cm when fully relaxed and 10.0 cm when
fully contracted.

The lever arms act as mechanical leverage for the PAMs.
They were 3D-printed, and their aspect ratios were based
on the human forearm [28]. Using the lever arms, the con-
traction created by the PAMs increased by 250%, while the
force output decreased by 60%. Two PAMs were mounted
on each lever arm to ensure sufficient force output.

III. MODELING

A. The Prismatic Joint

To integrate the new actuator into the robotic system, we
had to model its dynamic behavior. The actuation dynamics
of the piston can be described as follows:

q̈a =
A · pp
mtot

(1)

where q is the prismatic extension, A is the surface area
of the piston, pp is the piston input pressure, and m is
the combined mass of the inner shaft and the attached
manipulator. We did not consider friction because the shaft
was lubricated. It is not easy to analytically describe the
PAM’s dynamics due to the relation between their force
and contraction. However, we were able to make some
approximations to simplify their dynamics. We performed
experiments to identify the relationship between PAM input
pressure and the static position of the PAMs, ps(q). The
results can be seen in Fig. 3. We found that the relation
depends on the PAM’s actuation mode; during contraction,



higher pressures were required to reach an equal prismatic
position. This results from the PAM’s hysteresis. Therefore,
we measured a curve for PAM relaxation ps,r(q) and for
PAM contraction ps,c(q). To estimate the true value of
ps(q), we used the prismatic velocity q̇ to approximate the
current actuation mode, and we used a clipping function to
interpolate between the two static pressures:

ps(q, q̇) =


ps,r(q), if q̇ < q̇th,r

ps,m(q) · (1 + q̇
∆q̇th

), if q̇th,r < q̇ < q̇th,c

ps,c(q), if q̇ > q̇th,c
(2)

where q̇th,r and q̇th,c are the threshold velocities
for PAM relaxation and contraction, respectively.
∆q̇th = q̇th,r − q̇th,c is the difference between the
thresholds. ps,m(q) = 1

2 (ps,r + ps,c) is the static pressure
between ps,c and ps.r. Therefore, the PAM’s actuation
dynamics can be described as follows:

q̈a = −nMc · r ·Aa · ∆pM (q)

nL ·mtot
(3)

where nMc is the number of PAMs, nL is the number
of lever arms, r is the lever arm aspect ratio, Aa is the
estimated PAM surface area, and ∆pM (q) = pM − pstat(q)
is the difference between static PAM pressure and PAM
input pressure. We assumed that there was a constant relation
between over/underpressure and the position. We verified this
assumption experimentally.

B. Combined System

To describe the manipulator dynamics, we used the model
developed by Toshimitsu et al., 2021 [8]. This model was de-
signed for continuum manipulators and uses the Augmented
Rigid Body [10] approach. We added the new prismatic
joint to the manipulator’s Unified Robot Description Format
(URDF) model, which is used to derive dynamic terms from
augmented rigid joints.

The dynamic model of the fully assembled manipulator is:

A(q)p+JTf = B(q)q̈+K(q)q+Dq̇+c(q, q̇)+g(q) (4)

where p is the pressure input vector, q is the joint
configuration vector, f is the task space force vector, A is
the actuation matrix, J is the Jacobian, B(q) is the inertia
matrix, K is the stiffness matrix, D is the damping matrix,
c(q, q̇) is the coriolis vector, and g(q) is the gravity vector.
We added the prismatic joint to this model by increasing the
rank of q by one, adding the prismatic joint extension. We
increased the matrices in rank accordingly. We derived the
coefficients for A from eqs. (1) and (3). We derived the new
B(q), g(q), and c(q̇, q) coefficients from the manipulator’s
mass, position, and velocity. We assumed that both K and
D were 0: K has already been modeled with our hysteresis
function, and we assumed that D was 0 due to a lack of
friction.

IV. CONTROL

To control the system, we first created a proportional-
derivative controller:

ẍref = ẍdes + kp · (xdes − x) + kd · (ẋdes − ẋ) (5)

where xdes is the desired position in the task space,
ẍref is the reference acceleration in the task space, kp is
the proportional gain, and kd is the derivative gain. The
gains were made to saturate at a predetermined magnitude.
We could then insert ẍref into an inverse dynamics [29]
formulation:

q̈ref = J+(ẍref − J̇ q̇) + (I − J+J)τnull (6)

where τnull is the nullspace input. In this work, we used
τnull = −kdq̇ to minimize oscillation.

We could then obtain the desired pressure vector by
inverting Eq. 4:

p = A+
[
B(q)q̈ref + K(q)q + Dq̇ + c(q, q̇) + g(q)

]
(7)

under the assumption that there were no outside forces
(f = 0).

When actuating the prismatic joint, we used the pressure
input to determine which actuator to use. When the prismatic
pressure input ppris was positive, i.e., when the manipulator
was supposed to move upwards, we used the PAMs to pull
upwards. When the desired pressure was negative, i.e., when
the manipulator was supposed to move downwards, we used
the piston to push downwards. The PAMs received the static
pressure ps(q, q̇) as a feedback term rather than the gravity
term g(q), since ps(q, q̇) more accurately describes the
required force required to hold the manipulator in position.

V. EXPERIMENTAL VALIDATION

We performed multiple experiments to assess both the
qualitative and quantitative effects of the prismatic joint
on the full system. SoPrA and the attached prismatic joint
were mounted inside a motion capture cage. Nine infrared
cameras were used to detect manipulator state. The system
was connected to a valve array that was capable of outputting
2 bar.

A. Workspace Size

We performed Monte Carlo sampling to determine the
difference in the workspaces. Slices of the respective
workspaces in the x − z direction at y = 0 can be seen
in Fig. 4 C,D. We fit hemispherical shells to the respective
workspaces to compare volume. The workspace volume
when using the prismatic joint was increased by 116%, or
a factor of 2.2. The paths that the manipulator took when
it tried to follow a straight line are shown qualitativly in
Fig. 4 A,B. Without the prismatic joint, the manipulator’s
workspace cannot accomodate a straight line.

B. Trajectory Tracking

We investigated multiple dynamic trajectories that had
not previously been possible to investigate because of the
workspace restriction. The trajectories and their dynamic



Fig. 4. A comparison of the task spaces and possible trajectories when the
prismatic joint is used or not. (A) Tracking a straight line without using the
prismatic joint. (B) The limited workspace reachable without an additional
prismatic joint (C) Tracking a straight line using the prismatic joint. (D)
The full workspace reachable due to the additional prismatic joint.

tracking responses are shown in Fig. 5. The average tip
error for the helix, inclined circle and line was 2.1 cm,
2.5 cm, and 1.6 cm, respectively. The positional error of
SoPrA in previous works was 2.5 cm for trajectories within
the reachable workspace.

C. Picking Tasks

We used the extended workspace to perform industry-
inspired tasks. The manipulator picked an object from a
table, traversed the workspace, and dropped the object on
the table in a different position, as seen in Fig. 6A1-6. The
prismatic joint enabled the manipulator to move down to pick
up the object, and to not hit the surface while traversing the
workspace. Object location was hardcoded.

The manipulator also picked an object out of a tape roll
and dropped it into a different tape roll, as seen in Fig. 6B1-6.
The prismatic joint allowed the manipulator to reach inside
the tape roll, and to pull the object out of the tape roll. Object
and tape roll locations were hardcoded.

Both of these tasks were reproducible with 100% success
rate over 10 runs each.

D. Lateral Stiffness

To investigate the system’s lateral stiffness, we com-
manded a circular tip reference trajectory for two cases: when
the prismatic joint is fully contracted, and when the prismatic
joint is fully extended. The results can be seen in Fig. 7. In
both cases, the base movement is very small. The base moves
slightly more when the joint is fully extended, which is likely
because the piston has more play. Furthermore, the path taken
by the base is similar to the tip reference trajectory for both
cases. A reason for this may be that the base movement is
caused by the weight of the manipulator’s body.

E. Payload

We investigated the payload of the prismatic joint by
making the manipulator grip a syringe filled with water.
This allowed us to control the weight of the gripped object
precisely. The maximum payload for the SoPrA manipulator
without the prismatic joint is 75 g. The prismatic joint was
able to fully contract while gripping a syringe weighing 75 g.
We then continued filling the syringe to test the limit of
the prismatic joint’s payload. The maximum payload we
achieved was 200 g for full contraction of the prismatic
actuator, beyond which the gripper was unable to hold the
syringe.

VI. DISCUSSION

The addition of the prismatic joint increased both the
tracking accuracy and the range of possible trajectories,
which can be considered a substantial success for usability
in manipulation tasks. Nevertheless, we propose to further
decrease the tracking error in future works by improving the
dynamic model of both the manipulator and the soft joint.

The prismatic joint increased the workspace by 116%. The
value of the increased workspace was shown in multiple
tasks. However, a greater increase in the workspace is
preferable. Therefore, future works should increase the range
of the soft prismatic joint. This could be achieved by using
larger PAMs and/or lever arm ratios. The piston showed less
lateral resistance when it was fully extended. To address this,
the inner piston could be elongated so that it is not near the
end of the shaft when it is fully extended.

The full system remained compliant when we introduced
the soft prismatic actuator. This result is promising: soft
manipulators can now perform tasks in a greater task space
while retaining the properties that make them interesting for
human-robot interaction.

VII. CONCLUSION

Our soft prismatic joint design was successfully integrated
and precisely controlled as part of a soft robotic manipulation
system. The actuator’s backdrivability and lateral stability
makes its design promising for future robotic applications.
The increase in the soft manipulator’s workspace allowed us
to perform tasks that would be useful in industrial applica-
tions. Therefore, we have further closed the gap between
soft and rigid manipulators in regards to their ability to
perform tasks. In the future, we hope to see soft manipulators
replace rigid manipulators in tasks that require human-robot
interactions, since soft robots’ safety and compliance make
them more suitable for these tasks.
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