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Abstract— Soft robot research has led to the development
of platforms that should allow for better performance when
working in uncertain or dynamic environments. The potential
improvement in performance of these platforms ranges from
mechanical robustness to high forces, to applying lower incidental contact forces in uncertain situations. However, the promise
of these platforms is limited by the difficulty of controlling them.
In this paper, we present preliminary results on simultaneously
controlling stiffness and position for a pneumatically actuated
soft robot. Improving on our prior work, we show that by
including the pressure in our soft robot actuation chambers
as state variables we can improve our average rise time by
up to 137%, settling time by 119%, and overshoot by 853%.
In addition to these improvements, we can now control both
joint position and stiffness simultaneously. This performance
improvement comes from using Model Predictive Control
running at 300 Hz with improved dynamic models of the soft
robot. High performance control of soft robot joints, such as the
joint presented in this paper, will enable a wide range of robot
applications that were previously difficult or impossible due
to the rigid nature of traditional robot linkages and actuation
schemes.

I. I NTRODUCTION
Control and actuation of traditional robotic platforms are
accomplished through electrical motors acting on inelastic
joints and rigid links. While these stiff platforms excel at
accurate position control, they are fundamentally different
than biological organisms such as humans. Compliant human
joint actuation is achieved through antagonistic muscles
pulling on bones through tendons. The ability to co-contract
these antagonistic muscles allows independent control over
both joint stiffness and joint position. A soft robot actuator
with compliant antagonistic elements similar to the human
muscular system should also allow for simultaneous control
of joint stiffness and position. This type of actuator, when
compared to a rigid robot, will be naturally more resistant
to environmental damage upon impact and safer to operate
around humans or delicate environments. Additionally, variable stiffness will enable a soft robot to take advantage of
stored energy within the system to move explosively, mitigate
unexpected contact forces, and vary end effector stiffness
passively. The cost for these advantages is a complexity in
design and control of the actuator. Much research has been
done on the design and control of robots that use significant
compliance in meaningful ways [1]. This paper presents a
control method and the dynamic models necessary for control
of both position and stiffness of a pneumatically actuated
inflatable robot joint.
Our specific contributions include the following:
• Development of a linearized state space model that
predicts the state of an antagonistic, pneumatically

Fig. 1: Single joint test hardware that is called a Grub.

actuated, soft robot.
First application of Model Predictive Control to soft
robots that allows simultaneous control of joint position
and stiffness.
• A controller which shows significant improvement in
terms of overshoot, rise time and settling time of joint
control as compared to past work [2].
The rest of this paper is organized as follows, in Section II
we discuss past related research. In Section III we describe
the soft robot joint we use for testing. Section IV contains the
formulation of our dynamic models and the model predictive
controller. Section V contains results and discussion for joint
control and Section VI has results on stiffness tracking while
maintaining and varying a commanded angle.
•

II. R ELATED W ORK
In this section, we describe related research in terms of
compliant and variable stiffness robot control, soft robot
platforms and control, and past applications with model
predictive control.
Significant research, both in terms of the amount and
impact, has been completed in the area of adding compliance
to common robotic platforms. A system such as the DLR
lightweight robot [3], [4] can simulate compliance with an
impedance model by utilizing high-rate feedback and lowlevel torque control [5]. Simulating compliance is limited by
control bandwidth and torque capabilities while it can also
introduce instabilities in the base controller. In addition, this
advanced control and specialized hardware can result in a

more expensive platform. Hardware designs seeking to avoid
these limitations have introduced elastic elements between
the actuator and load. The most well known method is the use
of series elastic actuators (SEA) as described in [6]. SEAs are
limited in that the compliance of the actuator is passive and
the mechanical passive compliance cannot be changed. Any
change in compliance must be done in low-level torque control which is bandwidth and force limited due to the spring.
Designs for actuators that have variable compliance can be
seen in [7] and [8]. These designs typically use variable
spring lengths, non-linear springs, or pneumatic actuators
to affect stiffness. Optimal methods to vary compliance in
[9] were shown to maximize impact forces from hammering
and in [10] unintentional contact forces with a human were
minimized with controlled stiffness. In [10] the Head Injury
Criterion (HIC) is identified as a limit for serious head
injury upon robot impact, where inertia of the robot is a
major driving contributor. This indicates with all operating
parameters constant, a reduction in robot inertia, such as for
our fabric-based soft robot joint, directly reduces the HIC
rating.
The variable compliance actuation method most relevant
to the platform used in this work is the method proposed
by Laurin-Kovitz [11] which utilizes two motors pulling
on antagonistic nonlinear springs to actuate the same rigid
rotary joint. The systems Laurin-Kovitz designed allow for
concurrent control over both joint torque and stiffness, but
required two motors and significant additional hardware per
joint. A different actuation approach utilizes McKibben Artificial Muscles, which emulate human muscles, was proposed
in [12] and [13]. More recently, work has been completed
on rotary elastic chamber actuators such as in [14] and [15],
where two antagonistic bellows impart torque on an armature
rotating about a rigid rotary joint. In all of these cases
however, the safety and robustness introduced by compliance
in the joints is mitigated by higher inertia motors or rigid
links between the joints.
Our paper presents an improved model and controller
for an alternative actuation design utilizing inflatable fabricbased joints for simultaneous position and stiffness control.
While comparable to the bellow type actuators previously
described, this system applies a torque to the joint through
expanding chambers pressing upon an soft structure rather
than a rigid armature. For this system, the joint and link
structure come from inflatable polymer bladders within nonrigid fabrics, resulting in an entirely compliant platform.
The model proposed in this work expands on the model
used in [2] in order to account for the pressures in each
bladder. Doing so allows for control of both position and
stiffness. A fabric-based platform of this nature is intrinsically lightweight, compact, and compliant due to the physical
properties of the air used for both actuation and structure.
The unique advantages of soft, inflatable robots over
rigid robots for specific applications are what motivate this
research. Applications include health care, living assistance,
space exploration, search and rescue, orthotics, and prosthetics. It has already been shown that contact forces from

inflatable links can be controlled in [16] and [17] with cable
driven actuators. In [18], [19], and [20] it was found that
planning is viable for elastomer actuators using dynamic
and constant curvature kinematic models. Designs for rotary,
fabric-based, pneumatic actuated joints were proposed in
[21] and our actuators used in this work are based on
these designs. Work in [22] characterized different models
for traditional rigid servo-pneumatic actuators which made
different constant temperature assumptions and in [23] these
assumptions were used to control force and stiffness for a
linear pneumatic actuator. The goal of our work is to use a
modified linear model and optimal control methods to control
a rotary joint with an inflatable structure instead. The lack of
literature on the control of inflatable structures where there
is a wide range of applications suggests a viable new area
for research.
The proposed control approach utilizes Model Predictive Control (MPC) which is an optimal control method
originating from the process industry in chemical production and oil refinement [24] and more recently in robotics
[25] and UAV research [26], [27], [28]. Recent advances
in computing power and optimization techniques such as
those proposed in [29], [30] have made this possible. MPC
allows for the minimization of configurable costs across
a discrete finite time horizon given specific constraints.
The antagonistic compliant system we described, benefits
significantly from a model-based control method in order
to achieve dynamic stiffness and accurate position control.
MPC not only allows for model-based control but also the
consideration of real-world constraints such as joint limits,
pneumatic valve actuator limitations, and hardware pressure
limits. This paper presents the dynamic model and controller
to achieve simultaneous stiffness and position control of
a soft pneumatic platform and presents experimental data
demonstrating performance.
III. ROBOT P LATFORM D ESCRIPTION
The inflatable robot platform used in this research was
both designed and constructed by Pneubotics, an affiliate
company of Otherlab. A single degree of freedom pneumatic
testing platform called a Grub seen in Figure 1 was used for
the purpose of this paper. One end of the fabric structure is
secured to a wooden platform where the valves are affixed. A
single pressurized body bladder extends up the entire length
of the Grub, pressing against a non-rigid outer fabric shell
to provide structural links. The body bladder is bent at its
midsection during actuation, bisecting the central bladder
into two separate links at the same pressure. Two flexible
inextensible pockets are built into the outer shell, seen as
black fabric in Figure 1, where the actuation bladders are
inserted. The actuation bladders sit opposite and lateral to
the body bladder. Bidirectional bending is achieved by pressurizing the actuation bladders, causing them to expand and
lengthen. The bladder pocket fabric contains this expansion
and translates extension into joint rotation.
Pressure and angle sensing are read by a pressure sensor
and inertial measurement unit (IMU) board affixed to the

outside of the top body link. Joint angles are determined by
the IMU angle relative to the gravity vector normal to base
platform (see Section IV-B for more detail). The internal
body bladder is inflated to 1-2 pounds per square inch gauge
(psig) pressure whereas the actuation bladders are filled from
0-20 psig. The source pressure is provided by a compressor
regulated to 25 psig.
Air flow is controlled from the pressure source and vented
to atmosphere through Enfield LS-v25 five port spool valves.
For the purpose of the paper, only one output port of the
Enfield valves is used, making these valves act as three
port spool valves. As seen in Figure 2, each bladder has an
individual valve for control, whilst sharing the same pressure
source.
Fig. 3: Plot of steady state mapping used to convert equilibrium angles to chamber pressures.

Fig. 2: Representative figure of valve and bladder configuration.
Communication between the sensors and controller is
achieved using the Robot Operating System (ROS) operating
in non-realtime on an Ubuntu workstation. Sensor values for
the IMU and pressure are read and published at approximately 1 kHz. Pressure for each bladder is controlled by an
underlying PID controller also operating at approximately
1 kHz. Desired pressures are published over ROS and the
valves are actuated to achieve commanded pressure values.
IV. S INGLE J OINT DYNAMICS AND C ONTROL
A. Dynamics
Previous work has been completed by Best et al [2] on the
single joint control of this platform. While effective at angle
tracking, the work only utilized change in angle and angular
velocity as states and did not permit the modulation of
stiffness. In the previous work, angle was related to pressure
through a single pressure profile curve. A single pressure P
was determined using a desired angle from an experimentally
determined fit of the data. This approach effectively reduced
the degrees of freedom for control to one instead of the
two actual pressures that can be controlled for this platform.
This past work provided the desired joint angle control, but
was limited in both its operational range and performance
capabilities as it restricted operational pressures and did not
consider the dynamics of the underlying pressure controllers
for each actuation chamber.
In [2], a steady state joint angle response for a range
of different pressure inputs was produced. This plot, seen
in Figure 3, produced a general trend to relate angle and
pressures in both bladders but control accuracy was limited

by hysteresis in the real platform. In practice, different initial
conditions of pressure and angle produced a different steady
state angle.
Instead of using the mapping directly, we use it to identify
an equilibrium angle. This angle is the angle the system
would settle to based upon given input pressures, if the
chambers were drained and then filled to the input pressures.
Unlike the past work in [2], this equilibrium angle was then
used in an impedance model to describe torque at the joint
as a torsional spring:
τ = Ks (θe − θ)

(1)

where Ks is a fixed stiffness constant, θe is the equilibrium
angle determined by the pressure to angle map, and θ is the
current state angle. For our dynamic models, we assume that
the platform has rigid links relative to its compliant joints and
that a constant Ks is a sufficient model.
The basic dynamic model of the rigid link is the same as
used in [2], where the link itself was described as an inverted
pendulum:
L
I θ̈ + Kd θ̇ + mg sin(θ) = τ
(2)
2
where I is the calculated moment of inertia rotating about
the approximate joint center, Kd is a damping constant, m
describes the mass of the link, g describes gravity, and L is
the approximate distance from the joint center to the center
of mass.
Kd , Ks , and m were found in [2] through system identification, where a step input was applied and parameters
were optimized to fit collected data. The optimal value for
m was near zero and 3 orders of magnitude below similarly
optimized values for Kd and Ks . Due to our lightweight
inflatable hardware, the influence of mass on the system
performance was identified to be negligible and removed
from the model for a single joint. The simplified dynamic
model becomes:
I θ̈ + Kd θ̇ = τ

(3)

Future work with multiple links will need to include this
removed term to accurately describe gravitational effects.
Unlike the models used in [2], dynamics of the underlying
pressure PID controller are captured by a simple first order
model:
Ṗ = −aP + bPD
(4)
where P is the pressure in a corresponding bladder, PD is the
desired pressure, and a and b are parameters fit to collected
step performance data. For the purpose of this paper fill and
drain rates are assumed to be equal. Accurately modelling
the true difference in fill and drain rates will require better
gas dynamic models.
Instead of using the original nonlinear equilibrium mapping between P0 , P1 and θ shown in Figure 3, we use
a tangent plane estimation at each time step. This planar
equation is constructed as a function of the pressures in the
two antagonistic bladders, P0 and P1 :
θ = α1 + P0 α2 + P1 α3
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In this formulation, the matrix A is singular. As such, the
matrix exponential method that was used in [2] cannot be
used for discretization. However, the controllability matrix
formed from this system is full rank for A and B in the
form of Equations 9 and 10 which means the system is
controllable. These state space equations are instead transformed from the continuous time-domain to discrete state
space equations using the bilinear transform method.
This transformation gives the discrete state space equations:

(5)



θ̇[k]
θ̇[k + 1]




 θ[k + 1] 
 = Ad  θ[k]  + Bd PD,0 [k]

P0 [k]
P0 [k + 1]
PD,1 [k]
P1 [k]
P1 [k + 1]


where α1 , α2 , and α3 are three parametric constants needed
to describe a plane, P0 is the pressure for one bladder, and
P1 is the pressure for the opposing bladder. The steady state
data surface was smoothed and refined using cubic spline
interpolation.
The variable θe is also approximated using this same
planar relation, using commanded pressures sent to the
underlying pressure PID controller as inputs:
θe = α1 + PD,0 α2 + PD,1 α3

(6)

where PD,0 , represents the desired pressure for bladder 0.
Commanded pressures are used to describe θe since they are
the pressure values that the system will reach at steady state.
By combining equations 1, 3, 5, and 6 we are able to
construct a differential equation which describes the body
dynamics as a function of current and commanded pressures.
I θ̈ + Kd θ̇ = Ks (α2 (PD,0 − P0 ) + α3 (PD,1 − P0 ))

(7)

where α1 describes the vertical offset of the planar surface
approximated by the steady state angle map in figure 3. By
including α1 in both θ and θe , it is removed from the system
dynamics. The removal of α1 serves to dismiss the influence
of measurement error and hysteresis when comparing the
steady state angle to current system performance.
The rigid body dynamics along with pressure dynamics in
equation 4 can then be placed in linearized state space form:
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 θ̇ 
θ
  = A   + B PD,0
P˙0 
P0 
PD,1
P1
P˙1
where:

(11)

These discrete-time state space equations can now be used
for predicting the future states of the system given pressure
inputs. This is an essential part of the model predictive
controller described in Section IV-C.
B. Sensing
An IMU sits above the center of mass on the top link
section of the outer shell. An angle of 0 degrees is assumed
to be vertical, where the central body bladder is straight and
unbent. Angle is read as a deflection from vertical in a plane
perpendicular to the joint axis. Utilizing 3-axis accelerometers and gyroscopes, we calculate angle by measuring the
acceleration vector due to gravity and smoothing it using a
Kalman filter designed for an inverted pendulum.
C. Control
The model predictive controller solves an optimization,
simulating the predicted states over the horizon T by varying
the pressure inputs to produce the trajectory incurring the
least cost subject to constraints. The discretized matrices Ad
and Bd , the current states θ̇[k], θ[k], P0 [k], and, P1 [k], the
previous inputs PD,0 [k − 1] and PD,1 [k − 1], the final goal
angle θgoal , target pressures PT,0 and PT,1 , and the model
constraints and weights are fed into an MPC solver at every
time step. Pressure target values, PT,0 and PT,1 , are low
weight cost value parameters that allow us to set a desired
pressure value that correlates to stiffness. The cost function
minimized across the horizon T is:

(8)
minimize

T 
X

kθgoal − θ[k]k2Q + kθ̇[k]k2R

(12)

k =0

+ kP0 [k] − PT,0 k2S + kP1 [k] − PT,1 k2S



subject to the system model as constraints, as defined in
equation 11, as well as the following additional constraints:
|θ| ≤ θmax
Pmin ≤ PD ≤ Pmax

(13)

|∆PD | ≤ ∆Pmax
where Q, R, S are scalar weights manually tuned for superior
empirical performance, the same value of S is used for both
pressure target costs, θmin and θmax are joint limits, Pmin
and Pmax are pressure bladder limits, ∆PD is the change
in desired pressure from the previous time step and ∆Pmax
is the maximum change in desired pressure per time step
permitted. Because we use simplified pressure dynamics, the
slew rate restrictions serve to prevent valve chattering.
In order to achieve angles away from the center position,
different values of the pressure target must be sent to
individual bladders. When bent to one side, the bladder on
the inside of the bend must be at a lower pressure than the
bladder on the outside of the bend. Individual pressure target
values, PT , are calculated based on the set stiffness pressure,
PS , according to the following equations:

Fig. 4: MPC control diagram for joint and stiffness control.

V. R ESULTS AND D ISCUSSION FOR S INGLE J OINT

PT = M |θgoal | + PS
if (θgoal ≥ 0) :
PT,0 = PS
PT,1 = PT

(14)
Fig. 5: Single Joint Control Response

else :
PT,0 = PT
PT,1 = PS
where M is a constant which decreases target pressure as
a function of θgoal , PT is a calculated target pressure for
the bladder on the inside edge of a bend, PS is a target
pressure applied to the bladder on the outside edge of the
bend as well as the operating point for PT function. PS can
be varied during operation from one actual time step to the
next, but is constant over an entire MPC horizon when the
optimization is running.
We generated an efficient solver for our MPC problem
using CVXGEN (see [31]), a web-based tool for developing
convex optimization solvers. The optimization solver written
in C and subsequent Python code that calls the solver can
be run at 300 Hz predicting a trajectory horizon of T = 20
time steps (meaning it is predicting 0.067 seconds into the
future).
Once solved, the first time step from the optimized trajectory of desired pressures is applied to the system and
published over ROS. These desired pressures are received
by the underlying pressure PID controller and valve position
commands are then sent to the individual valves.
As described in Figure 4, the current pressure states are
read and fed back into the pressure controller, while the
angle states are fed into a Kalman filter. Both the current
filtered angle states and pressure states are fed into the MPC
controller.

A series of 30 degree step angle commands ranging from
-60 to 60, changing in increments of 10 seconds, were sent
to both the previous 2-state MPC controller used in [2], as
well as our new 4-state controller described in this paper.
The resultant θ of both controllers and commanded θgoal
are plotted over time in figure 5. Compared to the previous
2-state controller with only θ and θ̇, adding pressure states
in the 4-state MPC controller significantly improved overall
performance. As described in Table I, the new controller
produced remarkably faster 90% rise time and 5% settling
time while vastly decreasing percent overshoot. With angular
step commands of only 30 degrees, the 2-state controller
saw an average % overshoot of 24.408% or 7.3 degrees.
The introduction of pressure dynamics reduced average %
overshoot to just 2.561%, less than 0.77 degrees.
TABLE I: Performance comparison between previous controller and new controller

2 State MPC
4 State MPC
Improvement

Avg. Rise
Time
1.319 sec
0.556 sec
137.24%

Avg. Settling
Time
2.985 sec
1.357 sec
119.89%

Avg. %
Overshoot
24.408%
2.561%
853.21%

VI. VARIABLE S TIFFNESS T RACKING
By varying the PS value, one can effectively alter the stiffness during operation. While the exact relationship between

pressure and stiffness is currently unknown for our platform,
pneumatic spring stiffness equations can be found in standard
literature [32] as follows:
nP A2
(15)
V
where K is the pneumatic spring stiffness, n is the polytropic
exponent, P is pressure behind the diaphragm or piston,
A is the cross sectional area, and V is the volume of
the fluid. With the Grub platform as seen in Figure 1,
once bladders have been filled, the non-expanding envelope
prevents additional changes in volumes when angle remains
constant. During operation, n and A are also assumed to
be constant. Through these assumptions, an increase in P
results in a direct linear increase in stiffness. How stiffness
is changing is less clear when angle is also changing which
we also demonstrate in this paper.
K=

Fig. 7: Results for a series of step commands in joint angle
with a commanded sinusoidal change in pressure.

error remains less than 2 degrees. The large steps in PS are
a function of changes in θgoal as described in equation 14.

Fig. 8: Same results as Figure 7 but with frequencies reversed.
Fig. 6: Results for Grub holding a constant angle with a
sinusoidal pressure command which is related to stiffness.
Given a constant θgoal and a sinusoidal goal for pressure
PS , Figure 6 shows that the joint angle θ can be maintained
while changing stiffness. PS is a sinusoid with a frequency
of 0.2 Hz and an amplitude of 5 psig operating around 10
psig. As seen in Figure 6, angle tracking error remains within
1 degree during changes of up to 200% in pressure in both
bladders. As described in equation 15, changes in pressure
whilst maintaining a constant angle indicates a direct change
in stiffness. This test demonstrates the controller’s ability to
alter joint stiffness by as much 200% at a rate of 0.2 Hz
while holding the joint angle relatively constant.
Even when varying the PS value sinusoidally, θgoal step
commands can still be sent and followed since angle is given
a higher weighting in our cost function. Figure 7 describes
the resultant pressures and angle as θgoal is stepped between
30 and -30 deg at a rate of 0.2 Hz and the PS as a sinusoid
at 0.13 Hz with an amplitude of 2.5 psig operating around 10
psig. Once the commanded angle has been reached, tracking

Figure 8 describes the same situation as Figure 7 with
the commanded frequencies reversed, where θgoal is stepped
between 30 and -30 deg at 0.13 Hz and the PS a sinusoid
at 0.2 Hz with an amplitude of 2.5 psig operating around
10 psig. As in the previous case, non-transient tracking
error remains less than 2 degrees despite large changes in
pressures.
The tests shown in 7 and 8 describe the controller’s ability
to alter joint stiffness at variable rates while still achieving
large changes in commanded angle. These tests demonstrate
the viability of this controller and joint for use in applications
such as those described in [9], where a variable impedance
joint is used to maximize the effect of a robot controlled
hammer impact, while still maintaining high overall system
compliance needed for safety as described in [10].
VII. C ONCLUSIONS
This paper describes a method for the modelling and
control of an antagonistic inflatable soft robot platform while
also demonstrating superior angle tracking performance compared to previous work and introducing variable stiffness

control. Soft robot platforms are inherently compliant, often
with low inertia making them suitable for operation in
environments where a rigid system would be dangerous to
its surroundings. Through the methodologies described, an
inflatable soft robot can effectively be controlled in both position and stiffness simultaneously. We expect that the work
in this paper will allow robots equipped with similar soft
joints to perform tasks safely with human-like performance
in future research.
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