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Abstract— This paper investigates the design and implementation of a finger-like robotic structure capable of reproducing human hand gestural movements performed by a
multi-fingered, hand-like structure. In this work, we present a
pneumatic circuit and a closed-loop controller for a finger-like
soft pneumatic actuator. Experimental results demonstrate the
performance of the pneumatic and control systems of the soft
pneumatic actuator, and its ability to track human movement
trajectories with affective content.

I. I NTRODUCTION
User perceptual studies indicate that human hands can
be used for a variety of communicative purposes, including
gestural and affective communication [1] . Previous works
have found that velocity and acceleration of the motion
strongly influence perception [1]. In this paper, we propose
a pneumatic circuit and closed loop feedback control design
of soft pneumatic artificial muscle (SPAM) actuators capable
of providing the required position, velocity and acceleration
profiles to convey gestural and affective movement.
Pneumatic artificial muscles (PAMs) are a group of pneumatic actuators that convert the potential energy stored in
pressurized gas to kinetic energy using an elastic membrane.
The McKibben pneumatic muscle was one of the first PAM
designs [2]; a variety of designs have appeared since then
[3]. In general, PAMs consist of two main components:
an elastic membrane and a guiding mechanism. The elastic
membrane expands volumetrically when pressurized, while
the guiding mechanism constrains this expansion towards a
desired direction determined by the physical design. Modelling these actuators is a difficult task because of the nonlinear relationship between the change in the pressure of the
elastic membrane and the change in the actuator’s geometry
and volume [4]. The non-linear response of these actuators
complicates their position or force control. Joupilla and
Ellman [5] and Minh et al. [6] use linear PID pressure and
position controllers in cascade mode and achieve acceptable
position tracking results. In their design, the inner loop of
the cascade controller uses pressure feedback to control the
pressure at the intake of the actuator. The outer loop uses the
reference position trajectory and position feedback to provide
the reference pressure for the inner-loop controller.
In the more conventional designs of PAM actuators such as
the McKibben muscle, the guiding mechanism constrains the
actuator to only produce longitudinal motion. In recent years,
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more complex guiding mechanism designs have allowed for
the production of PAMs that produce a variety of motion
trajectories [7]–[10]. In recent literature, these actuators are
often referred to as soft actuators or soft PAMs (SPAMs).
SPAMs possess the benefits of general PAMs such as compliance, high power to weight ratio, inherent stability and
high speeds of movement [3]. These advantages, along with
the ability to design custom trajectories with SPAMs and the
fact that these actuators can deliver power with no need for
a support structure, have enabled a variety of applications.
Examples include: exoskeletons and rehabilitation assistance
[11], [12]; handling and grasping objects with complex
geometry, or delicate objects such as food [7], [13]–[17]; and
multi-DOF, multi-actuator, robotic mechanisms capable of
performing sophisticated motions such as gait or swimming
[8], [10], [18].
There are several SPAM designs that produce finger-like
motion [7]–[9]. PneuFlex [7] is an actuator designed for
grasping applications. Its rest pose and its motion trajectory
both resemble that of the human finger. In comparison to
other finger-like SPAMs, PneuFlex maintains its finger-like
appearance during its motion, avoiding the distension often
observed in SPAM designs (e.g., [9]). PneuFlex SPAMs are
also simpler to construct than the SPAM design from [8]
for example, which requires more complex elastic membrane
and guiding mechanism designs.
In applications such as grasping [7], low speed gait [18],
and rehabilitation assistance [11], open-loop feedforward
controllers are used to control the SPAMs. These applications
are mainly exploiting the compliance properties of SPAMs
to conform to the body or grasped object and provide
appropriate force, at relatively slow velocities and accelerations. To the best of the authors’ knowledge, no work on
SPAMs focuses on controlling the fast dynamic response of
these actuators to generate high velocity and acceleration
motions. In particular, no work to date achieves closedloop control of the high speed response of these actuators.
In this paper, an electromechanical system with pneumatic
and electronic circuitry is designed that enables closedloop control of PneuFlex SPAM actuators. First, the existing
PneuFlex design is modified in order to make it suitable for
fast dynamic responses and improve its durability. Second, a
pneumatic circuit that provides variable pressure with low
latency and hysteresis is designed that utilizes innovative
low-cost mechanisms to improve noise levels in the pressure
control loop, enabling the system to achieve fast dynamic
feedback control. Third, linear PID pressure and position
controllers in a parallel configuration are used to control the
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position output of the SPAM. In order to achieve feedback on
the position response of the SPAM, the actuator is equipped
with a gyroscopic sensor that provides feedback on the
orientation of the tip of the actuator.
In the following sections of the paper, first, the approach
for achieving the goals of the work are discussed. In this
section, the modifications to the current designs of PneuFlex
actuators, the pneumatic circuit, and the design of the closed
loop controller are described. In section III, the experiments
conducted to examine the performance of the closed-loop
controller are discussed. Section III also describes how the
reference signal for the controller is extracted from the
affective motion trajectories. Also, the requirements on the
performance of the controller and how well the controller is
capable of meeting them are discussed. Lastly, a conclusion
is given on the achievements of the goals of the work.

cut through the silicon as easily. The resulting custom built
SPAM structure and its curved motion trajectory is shown in
figure 2. From this point on, curved SPAM (CSPAM) will
be used to refer to this custom built SPAM structure.
As shown in figure 2, the motion of the CSPAM follows
a curved trajectory. This trajectory modifies the orientation
of the end effector (the distal end of the CSPAM) with
respect to the fixed reference frame. This means that the end
effector orientation can be used as feedback on the curvature
of the CSPAM structure. An ITG3200 gyroscopic sensor
(InvenSense) is placed at the end effector of the CSPAM
in order to measure orientation by integrating the measured
angular velocity. This orientation feedback is used by the
closed loop controller to control the curvature of the CSPAM
to perform various affective motions, as described in section
II-C.

II. P ROPOSED A PPROACH

1/4” Air Intake

A. Custom designed SPAM Actuator
SPAM actuators are capable of performing a variety of
motion trajectories depending on the design of their elastic membrane and guiding mechanism. In this work, an
SPAM design which produces trajectories similar to finger
movements is developed based on the PneuFlex SPAM
[7]. PneuFlex SPAMs have a cuboid shape at rest and are
similar in size to the human finger. These actuators possess
two unique features that allow them to perform finger-like
motions. First, the unique threading of fabric around the
SPAM forces it to move in a straight direction along the
long axis of the SPAM when pressurized. The threading also
prevents overstretching of the SPAM which in many SPAM
designs results in an undesirable distended look when the
SPAM is pressurized. Second, a flexible and non-elastic mesh
is attached to one of the four long faces of the SPAM. As the
SPAM woven with fabric is pressurized, without the mesh,
it elongates in a straight line. The attachment of the mesh
increases the stiffness of the SPAM along one face, forcing
it to bend in a curved trajectory towards the face with the
attached mesh.
The design of the PneuFlex provided by the Robotics
and Biology Laboratory at the Technische Universität Berlin
was modified to increase the air supply intake and improve
the fabric threading. The air pressure intake of the original
PneuFlex is located on the side of the actuator and the intake
tube is considerably narrower than the internal hollow core
of the SPAM. The narrower air intake affects the pressure
response of the SPAM by reducing the mass flow rate and
dampens its motion due to the low pass filtering effects of
the narrow intake. As illustrated in figure 1, by bringing
the intake of the SPAM to the bottom of the actuator it
became possible to increase the intake tube size to 1/4”
tubing which is much closer in size to the width of the SPAM
hollow core. During the early stages of experimentation,
it was also observed that the PneuFlex actuators showed
signs of damage at the points where the fabric threads meet
the edges of the SPAM. In order to improve durability and
prevent this damage, wide ribbons were used which do not

Nonelastic Element
Gyro/Accelerometer

Hollow Core
Wide Ribbon Threading
Fig. 1. Components of the custom designed silicone-based SPAM with
curving motion trajectory (CSPAM)

End Eff.
Frame

Ref. Frame

Fig. 2. The motion frames of the custom built SPAM with curved motion
trajectory (CSPAM). (Still frames taken from video; more video available
in supplementary material.)

B. Pneumatic Circuit
To model CSPAM actuators, similar to conventional PAMs
[4], conservation of energy can be used to determine the
relationship between the internal pressure P, actuator volume
V , torque τ and angular position θ . The law of conservation
of energy states that, dWout = dWin where for CSPAMs
the output work is dWout = −τdθ and the input work is
dWin = (P − Patm )dV . Combining these equations results in:
−τdθ = (P − Patm )dV.

(1)

Equation (1) suggests that the output torque and angular
displacements of the CSPAMs are determined by its internal
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pressure and its changing geometry during motion. Since
this geometry change is pre-determined by the physical
design, internal pressure is the only parameter available for
controlling the force and position output of the CSPAM.
In this work, only the position output of the CSPAM is a
concern and the force output is not analysed.
Pulse Width Modulation (PWM) of high-speed valves
( [5], [19], [20]) is used to control the internal pressure of
the CSPAM actuator in this work. The main benefits of PWM
with high-speed valves are low size and cost, quick response
time, low hysteresis, and relatively linear operating regions
[20]. In the PWM approach, the duty cycle of the high-speed
valve determines the output pressure of the valve. Thus, this
duty cycle is the control signal of the feedback closed-loop
controller.
Figure 3 depicts the pneumatic circuit of the system. The
high-speed 3/2 valve used is Festo’s MHE2-MS1H-3/2GM7-K, capable of switching at 330Hz. The fast switching
provides control over the output pressure of the valve. Pressure is provided to the valve by a pressure source (P15 TC by
Werther Internationals) and pressure regulator (NAW2000N02-2 by SMC) pair. The CSPAM and the pressure sensor
(MPX5500DP by Freescale) are located on the right top
corner of the circuit. The pressure sensor is used for feedback
of the internal pressure of the CSPAM. This sensor is coupled
with an electronic low pass filter for noise reduction; the time
constant of the filter is 2ms.
One of the main disadvantages of using high-speed valves
for pressure control is that the output pressure is not smooth.
The output pressure of the valve is produced by the valve
pushing in or letting out high pressure packets of air at the
rate of switching. This discrete application and exclusion
of air, while providing variable mean pressure at different
switching duty cycles, results in a high magnitude of noise
at the output pressure of the valve. This noise makes the
readings from the pressure and the gyroscope sensors noisy
as well, which will complicate the feedback control task
using these readings. In this work, in order to reduce the
magnitude of noise on the pressure output of the PWM
valve, a pneumatic Low Pass Filter (LPF) is designed and
implemented. Figure 4 shows a picture of the pneumatic LPF.
To aid in understanding the function of this pneumatic circuit,
an electrical analog is shown in Figure 5. The LPF consists of two main pneumatic components: the pressure tank
(analogous to C2 in Figure 5) and the pneumatic resistance
(R3). The pressure tank is a syringe. Pneumatic resistance
is provided by inserting a porous plug into the output tube
of the LPF (here, we used a pipe cleaner). This low-cost
noise filtering solution provides the ability to fine tune the
low pass filter in a simple and quick manner by changing
the volume of the syringe or the length of the porous plug.
By tuning these two parameters, at 3mL syringe volume and
2.5cm porous plug length, the magnitude of oscillation on
pressure caused by PWM was reduced to less than ±5%
at 50% duty cycle. The inclusion of the LPF dampens the
system and reduces the maximum achievable velocities. In
order to rectify this issue, for the angular velocity during

pressurization, i.e., during the closing motion, the pressure
is increased until required velocities are reached. During
depressurization, i.e., opening motion, the CSPAM, which
is a capacitive and a resistive load, is depressurizing through
its own resistance (R1) and the resistance of the pneumatic
low pass filter (R3), through the open valve (analog, Q1).
In order to decrease the time constant of this circuit, a pull
down pneumatic resistor (R2) is introduced at the pressure
intake of the CSPAM that reduces the time constant of the
depressurization circuit by reducing its overall resistance.
The low cost and easily tunable pneumatic resistor and
low pass filter enable the PWM signalling of fast response
pneumatic valves in order to control the output pressure of
the circuit. These components reduce noise to levels suitable
for feedback closed-loop control. The reduction is achieved
without compromising the benefits of using PWM singaling
of fast valves, which are: low latency, low hysteresis, and
near-linear operation region. The CSPAM is also capable
of achieving fast dynamics with the inclusion of these
pneumatic components.
Pressure
Sensor P
LPF Tank
LPF Pneu.
Resistance

PCSPAM

Pvalve

CSPAM

High-speed
3/2 Festo Valve

Pull down
Pneu. Resistance

PReg
Pressure
Regulator
PS

Patm
Exhaust

High Pressure
Source
Fig. 3.

The pneumatic circuit for the control of the CSPAM actuator

PIn

Filtered POut

Pressure Tank
Porous plug

Fig. 4.

Pneumatic low pass filter

C. Controller
Considering the plant of the CSPAM actuation system
including the pneumatic circuit, the system can be divided
into two sub-plants, as depicted in figure 6. The first subplant represents the pneumatic circuit of the system and is
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VValve

VCSPAM

Fig. 5. Electrical circuit analogy of the pneumatic circuit with low pass filter and voltage divider. Note that the CSPAM is a non-linear capacitor as it
changes volume at different internal pressures.

mainly governed by the switching response of the valve,
the LPF and the pull-down resistor, and the CSPAM as a
pneumatic load. The input to the plant is the duty cycle
of the valve and the output is the pressure at the intake
of the CSPAM. The second sub-plant of the system is
the mechanical structure of the CSPAM actuator and its
end effector orientation response with respect to its internal
pressure. The input of the plant is the pressure at the intake
of the CSPAM and the output of the plant is the end effector
orientation. Feedback is provided for the output of both of
these sub-plants using the pressure and gyroscope sensors.
The sub-plants are connected in series and there is no direct
control over the input of sub-plant 2, i.e., the pressure at
the intake of the CSPAM can only be controlled by the
pneumatic circuitry. Thus the controller has to be capable
of controlling the end effector orientation of the CSPAM
using the valve duty cycle as its control signal.
The controller depicted in figure 6 is similar to cascade
controllers previously used for PAMs [5], [6]. However,
instead of using the outer loop position controller to provide
a reference for the inner loop pressure controller, the pressure
reference trajectory is obtained by assuming a linear relationship between the internal pressure change of the CSPAM and
its end effector orientation. This modifies the cascade controller designs in [5], [6] to a parallel configuration of pressure and position controllers. The linear relationship between
the pressure and the orientation of the CSPAM is obtained
from the open-loop analysis of the pressure step response
of the actuator. At internal pressure of 250kPa the CSPAM
reaches around 3.97 rad steady state orientation. Using these
values, the relationship between pressure and orientation
at 101kPa atmospheric pressure is, p = 250−101
3.97 θre f + 101.
This relationship is used to calculate the required pressure
reference signal from the end effector orientation reference
signal. Both controllers have duty cycle signals as their
output which are summed in order to determine the final
control signal. The duty cycle signal has 12-bits of resolution
and the frequency of the PWM signal is 300Hz. With respect
to this duty cycle resolution, the PID gains of the position
controller are, 200, 10, and 20000 respectively. The gain for
the pressure controller was 1.63. The controller is tuned so
that the control signal is mainly determined by the pressure
feedback controller and the position controller will only fine
tune the resulting motion of the CSPAM actuator towards the
desired position trajectories. A Teensy 3.1 microcontroller

was used for the implementation of this controller. The
controller loop was set at 800Hz, which is the highest
sampling rate the gyroscopic sensor supports.
By taking advantage of the modifications and solutions
discussed in the previous sections, such as reducing the
noise of PWM signalling of the fast pneumatic valve or
providing full measurements of the dynamics of the CSPAM,
it is shown that a linear cascade controller is capable of
controlling the non-linear CSPAM actuator. The performance
of this controller is presented in the following section.
III. E XPERIMENTS
A. Reference Signal
The parallel controller depicted in figure 6 requires orientation reference trajectories. The goal of the controller is to
drive the CSPAM actuator to emulate, as closely as possible,
the opening and closing of a single finger during affective
hand movement. An existing finger joint angle dataset [21]
of affective hand opening and closing movements was used
to generate the reference trajectories. Three emotions are
considered in that work: sadness, anger, and joy. For the
movements collected in the dataset, there is a high correlation
between the rotation of the metacarpophalangeal (MP) joint,
the proximal interphalangeal (PIP) joint, the distal interphalangeal (DIP) joint, and the orientation of the finger’s
end effector calculated using forward kinematics. During
the motion for joy, for example, the correlations between
the MP, PIP, and DIP joints of the middle finger, were all
above 0.97. The correlations between each joint and the end
effector orientation were all above 0.98. Similar results were
obtained for the motions of anger and sadness. Thus, the
end effector orientation trajectory of the middle finger was
chosen as the reference signal for the controller; a gyroscopic
sensor can be used to measure the tip orientation of the
CSPAMs directly. In the dataset from [21], the joint angle
data was collected using a data glove at 84 samples/second.
The calculated fingertip orientation from this dataset was
interpolated to 800Hz, and low pass filtered at a cut off
frequency of around 84Hz which is well above the Nyquist
frequency of the sampled data.
B. Control System Requirements
To enable the desired emotion to be conveyed through
movement, the velocity and acceleration of the motion are
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critical [22]–[25]. Therefore, achieving the required velocities and accelerations are an important requirement for the
controller and the CSPAM actuators. Analysis of the CSPAM
actuators during the design of the system has shown that
the required peak velocities and accelerations are achievable
in open-loop. Closed-loop control is required to ensure that
both the peak velocities and accelerations and the expressive
modulations of the velocity during movement are accurately
reproduced. Tracking error during the entire trajectory in
orientation, velocity, and acceleration are also important
if the CSPAM movement is to resemble the closing and
opening motion of the finger.
In addition to the quantitative requirements, there are qualitative requirements for the closed-loop controlled motion of
the CSPAM actuator. No part of the motion should divert
the observer’s attention away from the main goal of emotion
conveyance. Therefore, behaviours such as visible vibrations
are highly undesirable.

is used in order to examine the tracking performance of the
controller. The maximum variation between the trajectories
are 0.87rads for anger, 0.34rads for joy, and 0.27rads for
sadness. Table I presents the maximum magnitude and the
mean of the orientation tracking error. The maximum errors
of sadness and anger are below the maximum variation
values of the human trajectories. The maximum tracking
error, which occurs during the closing motion of the joy
trajectory, is greater than the maximum trajectory variation
for joy. This spike in tracking error is examined in the
velocity response of the controller below.
a. Reference and Experimental End Effector Orientation for the Joy Motion
4
Expe.
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3.5
3
Orientation (rad)

Fig. 6.

2.5
2
1.5
1
0.5

C. Controller Results
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b. Orientation Tracking Error
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Figure 7 shows the end effector orientation, its reference
trajectory, and the tracking error of the “joy” motion trajectory. The motion starts by closing the finger with medium velocities and accelerations. After performing subtle back and
forth motion near the closing pose, the finger opens with high
velocity and acceleration. Since a short delay in the response
of the controller does not impede emotion conveyance, the
response of the system has been slightly time-shifted to
align it with the reference signal. The plot of the tracking
error illustrates that, except during the closing motion of
the CSPAM, the tracking error is small. In particular, the
tracking error is low when subtle movements are performed
near the closed pose, where the velocities are lower and
tracking error will be more noticeable. The joy trajectories
are shown here to illustrate the performance of the controller.
The performance of the controller was similar for the sadness
and anger trajectories. The movements generated for all three
emotions can be seen in the supplementary video; additional
results and trajectory examples can be found in [26].
For each of the three emotions investigated in [21],
multiple joint trajectories were performed by the human
demonstrator. Within these trajectories, the one with the maximum velocity was chosen as the reference trajectory for that
emotion. The variation between these recorded trajectories

−0.5
10.5

1
Error
0.5
0
−0.5
10.5

11

11.5

12

12.5
13
Time (s)

13.5

14

14.5

15

Fig. 7. a. Reference and experimental end effector orientation for the joy
motion b. Orientation tracking error

TABLE I
E ND EFFECTOR ORIENTATION , VELOCITY, AND ACCELERATION
TRACKING ERROR

Ori. Max Error (rad)
Ori. Error Mean (rad)
Vel. Error Mean (rad/s)
Accel. Error Mean (rad/s2 )

Joy
0.93
0.00266
0.0343
0.00689

Anger
0.322
0.0133
0.000398
-0.00328

Sadness
0.693
0.0289
0.00265
0.0104

Figure 8 shows the end effector generated and reference
angular velocity, and the corresponding tracking error for
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a. Reference and Experimental End Effector Angular Velocity for the Joy Motion
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b. Angular Velocity Tracking Error
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Fig. 8. a. Reference and experimental end effector angular velocity for
the joy motion b. Angular velocity tracking error

TABLE II
E ND EFFECTOR MAXIMUM AND MINIMUM VELOCITY AND
ACCELERATION ANALYSIS

Max Velocity (rad/s)
Min Velocity (rad/s)
Max Acceleration (rad/s2 )
Min Acceleration (rad/s2 )

Reference
31.5
-28.2
551
-664

Achieved
28.6
-28.3
607
-757

Error
2.89
-0.0338
-55.2
-92.4

a. Joy critical opening action velocity

b. Joy critical opening action acceleration
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the motion conveying the joy emotion. The angular velocity
is calculated from the measured orientation using discrete
differentiation in Simulink. From the velocity plot, it can be
observed that the closing motion has high velocity tracking
errors as well. This error is mainly related to the different
velocity profiles of the CSPAM actuator and the human
finger (figure 7). As the velocity plot confirms, to reach
the same orientation value the finger accelerates quickly
and decelerates slowly while the CSPAM accelerates slowly
and decelerates quickly. This discrepancy in acceleration and
deceleration behaviours results in tracking error during the
closing motion. The velocity plot also shows that during the
opening part of the motion, velocity tracking error is small.
Oscillation of the end effector right after the opening motion
can be observed in the plot. This oscillation is undesirable as
it can interfere with the affective perception of the motion.
However, the orientation plot in figure 7 illustrates that
the magnitude of oscillation in orientation is small. In the
supplementary video for the joy motion, it can be observed
that the oscillation is not noticeable.
Table I also presents the mean of the angular velocity
and acceleration tracking error of all three emotions. The
acceleration of the motion is calculated using Simulink as
well. For both velocity and acceleration tracking, the mean
tracking error is small.

500
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−500

−1000
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Time (s)

10.2

10.4

10.6
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Fig. 9. Reference vs experimental motion response of the sections that
include maximum and minimum velocities and accelerations

and accelerations are presented in table II. The requirements
on these motion parameters are determined by finding the
maximum and the minimum peaks of the reference trajectories for all three emotions. The reference velocity and
acceleration trajectories are calculated from the reference end
effector orientation signals using Simulink. The maximum
required velocity and acceleration occur during the closing
motion of the angry trajectories. The minimum velocity
and acceleration occur during the opening motion of the
joy trajectories. In other words, for the motions collected
in the dataset from [21], the angry motion requires the
maximum closing motion velocity and acceleration, and the
joy motion requires the maximum opening motion velocity
and acceleration. The plots in figure 9 present the reference
and response trajectories of velocity and acceleration during
these critical sections of the reference signals. The results
illustrate that except for the maximum velocity for the angry
motion, the system exceeds the minimum and maximum
requirements. Achieving the maximum velocity for the angry
motion was possible at higher PID gains, however, the higher
PID gains produced undesirable overshoot which was more
distracting than the small error in maximum velocity.
The experimental results suggest that tracking of the
desired affective trajectories using the proposed cascade
controller was achievable with small errors. These results
also show that the closed loop controller is capable of taking
advantage of the fast dynamics of the CSPAM actuators and
can enable them to achieve the high velocities and accelerations that were obtained during the open-loop analysis of
these actuators. Qualitatively, the controller had acceptable
results as well. There were no undesirable motions such
as visible vibrations that would interfere with the affective
capabilities of the motion.
IV. CONCLUSIONS

Maximum and minimum required and achieved velocities

In conclusion, the closed-loop position controller is capable of controlling the fast dynamic response of the
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CSPAM actuator and enables it to perform affective fingerlike motions which require high velocities and accelerations.
Our experimental results suggest that the cascade pressureorientation controller allows the CSPAM actuator to achieve
the performance specifications required for affective movements. Maximum velocities and accelerations were achieved
within an acceptable error range in both directions of motion. Mean tracking errors were at acceptable levels for
orientation, velocity, and acceleration. From a qualitative
perspective, undesirable responses such as oscillation and
tracking error were minimized, and were not observable in
the videos of the motion.
For applications that require more precise tracking, further
reducing the pressure noise in the pneumatic circuit is one
of the main goals of our future work. The controller can also
be improved by moving to more sophisticated linear or nonlinear control strategies with model-based controllers which
take the dynamics of the pneumatic system into account.
Also, user studies to investigate the ability of the pneumatic
actuator to convey affective gestures as part of a multi-finger,
hand-like structure will be conducted.
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