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Abstract— Whilst common in devices ranging from smart-
phones to game controllers, vibrotactile feedback has generally
been limited to providing a uniform sensation across the
whole of a tactile surface. We propose a haptic interface
based on the emerging physical effect of particle jamming
with both vibrotactile and shape changing outputs, which can
be extended in space to create large haptic surfaces with
localised shape and vibrotactile responses. This paper gives an
overview of the physical principles behind this technology and
presents detailed performance metrics obtained from a working
prototype. These include experimental characterization of the
relationships between air pressure and electric motor power
and vibration amplitude and frequency. A future study on
closed loop control is then introduced as a proposed means
of controlling the vibrotactile response.

I. INTRODUCTION

Particle jamming, the physical effect of compacting, and
thus stiffening, a fluidic body of particles is a rapidly
emerging technology, already being employed in haptics
and robotics. The body of particles can be made to react
differently to physical stimuli such as a deliberate and forced
change in its volume or a user’s touch, making it possible to
dynamically control a variety of tactile sensations.

The jamming of particles in a fluid is a physical phase tran-
sition [1] and a particulate fluid whose particles are packed
in such a way that they are connected to all adjacent particles
can be said to be in jammed state. Jammed fluids are slightly
denser than the same material in a loose or unjammed state
due to their inherently lower volume and this leads to many
changes in their properties, such as increased viscosity and
stiffness caused by mechanical support between the particles.
The fact that these changes can be controlled with commonly
available pneumatic and mechanical equipment gives rise
to the use of jamming in a number of engineering fields,
including robot grasping [2] and haptics.

One area in which particle jamming has been shown to
have great potential is in the development of large tactile
displays. Here, soft cells filled with small particles can be
hardened by creating an area of low air pressure inside an
arrangement of the cells, affecting their stiffness and by
extension, resistance to the user’s touch [3]. Since these cells
can be controlled individually, tactile displays can be made
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Fig. 1. Left: Physical schematic showing the key components of the
jamming device. Right: A simple prototype device consisting of a single
jamming cell.

up of multiple jamming cells in much the same way as the
pixels in a visible light display [4]. Such tactile displays have
been used to control medical robots in real time [5] and as
artistic and creative tools [6].

The particle jamming principle investigated here has also
been applied to create a ‘large-format’ wearable tactile
display [7]. Here there is no spatial resolution or variable
damping provided by the jammed fluid, but it is instead used
to transmit vibration uniformly to a large surface area (up to
the whole human body) and conform to complex geometry
without specially designed fixtures.

Particle jamming has also been applied to more conven-
tional wearable devices to provide kinesthetic feedback. By
placing ‘pads’ of jammable particles along a user’s finger, a
resistive force can be created to give the impression that the
user is grasping an object [8]. This principle can be further
integrated into the device by jamming layers of material in
the device itself, rather than packages of particles as is more
commonplace [9].

To some extent, the particle jamming based haptic inter-
face can behave similarly to liquid based interfaces. Appli-
cations of magnetorhelogical fluids (MHF) have made up
a significant part of this field due to the simple and eco-
nomical actuation of such fluids with magnets (which may
be controlled electronically by a computer), and the mature
understanding of their behaviour. Past work has included a
magnetically driven fluid display, where areas of a MHF
fluid corresponding to meaningful shapes are stiffened by
magnetic coils [10]. Another class of fluids with applications
in haptic devices is dilatant fluids. These fluids have the
property that their viscosity changes as force is applied. Such
fluids are very cheap and their good controllability makes
them appropriate for use in haptic interfaces [11], [12].



This paper builds on a preliminary study of the frequency
response to changing air pressure inside a vibrotactile device
based on particle jamming [13]. The experimental character-
ization is extended to investigate the effect of controlling
the power of the vibrating motor and investigates the effect
of mechanical interactions with a user on the produced
vibrations. A very simple feedback control system is also
introduced and some considerations for a more in depth study
into the control of the prototype device are discussed.

II. VIBROTACTILE HAPTIC DEVICE BASED ON PARTICLE
JAMMING

This work proposes that a controllable stiffness fluid
consisting of small particles can be used to control the
uniform haptic vibrations produced by a motor. This effect
can be achieved by reducing the air pressure in the particles’
container, causing the soft haptic pad to jam them together.
This jamming effect causes the body of particles to stiffen,
decreasing the motor’s capacity to displace itself within the
fluid, and thus the amplitude of the vibrations transferred
to the finger pad. By releasing the low pressure, the fluid
returns to a free state, allowing the motor to move vibrate
strongly again. Conversely, increasing the air pressure inside
the device will cause the soft pad to inflate and create a
shape upward. This will also have the effect of very suddenly
reducing the vibration intensity as there will no longer be a
strong contact between the vibrating particle body and the
user’s finger.

As an initial prototype to evaluate this idea, one module
was produced to enable an experimental study of the effect of
particle jamming on vibrations. This comprises a small, rigid
box to hold 75g of the particulate fluid, in this case we use
seeds of about 1mm in diameter, with a soft silicone touch
pad. An ERM (Eccentric Rotating Mass) vibrating motor
was suspended in this container to generate the vibrations,
but loosely tethered between two opposite sides so as to
control the experimental conditions. This allows over 10mm
of movement on all sides, but does not allow the motor
to move too far from the centre of the box to affect the
measurement results. This can be connected either to a
power supply or a computer controlled driver. A mesh filter
and 4mm push fit connector allow the prototype unit to be
connected to a pneumatic control system. A layer of soft
foam is used inside the case to speed up the loosening of
the particles when the vacuum is released.

Haptic feedback is presented via a 1mm thick, 3D printed
silicone pad. This presses against the particle body under
negative air pressure and transfers vibration to the user, but
can also be inflated to present shape with high positive air
pressure. The shape display will form part of another study.

The low pressure in the device is achieved with a small
vacuum pump and controlled by an electronic negative
pressure regulator. The regulator also features an independent

pressure sensor which enables accurate measurement of the
pressure inside the particle fluid.

III. EXPERIMENTAL CHARACTERISATION

The particle jamming system described above differs from
many existing vibrotactile actuators in that it can be con-
trolled by varying both the air pressure within the particle
fluid, but also the electronic signal sent to the vibrating
motor. Understanding the effect of modulating each control
signal (and both together) is an important first step in
understanding the characteristics of the system.

A. Range of vibrotactile response

As an initial exercise, the two input signals were cycled
from their minimum to their maximum input values. For
the air pressure, this can be set anywhere down to -30 kPa
(the lowest pressure at which the vibrations are known to be
affected based on a previous pilot study) and for the motor
speed, this is a supply voltage up to the rated maximum of
3.3V. It should be noted that a variable supply voltage was
adopted after the more conventional pulse-width modulation
method of controlling motors was found to produce highly
erratic vibrations at high duty cycles, and insufficient torque
to drive the mass at low duty cycles. Decreases in air pressure
were made at approximately 1kPa intervals, whilst the motor
voltage was increased in steps of 0.1V. Vibrations that would
be transferred to a user were measured by a 2x2 mm MEMS
accelerometer which was glued to the surface of the touch
pad.

B. Electro-pneumatic control

Following on from this, understanding and quantifying the
extent to which input vacuum pressure and motor speed can
affect the amplitude and frequency of felt vibrations. This
part of the investigation will refer to additional data collected
above but analyse this in greater depth to allow meaningful
relationships to be identified between the pairs of input and
output quantities.

C. Response to mechanical interaction

In real world use cases, it is entirely likely that users will
exert some force on the touch surface and, by extension,
the body of particles underneath. The natural hypothesis
is that this will have the effect of manually actuating the
jamming action of the particles. In this experiment, the
prototype interface was set to vibrate under constant control
signals, whilst a finger pressed down on the touch surface
with a force measured by a weighing scale underneath the
setup. This experiment captured fingertip force response data
at seven discrete force levels, each acting on the particle
fluid in soft (minimal vacuum), medium and hard (-27KPa)
configurations.



D. Closed-Loop Control

Simply understanding the operation and behaviour of the
prototype device is only one step in being able to deploy it
in real world scenarios. Accurate control of the vibrotactile
sensation it creates is also important when it comes to
implementing the haptic feedback required by an interaction
designer.

Any sensible control system requires feedback from the
system itself, so the prototype device was modified to dy-
namically calculate the amplitude of vibration on the touch
surface. As a very brief precursor to a more extensive feed-
back control implementation, a simple proportional control
model was set up to use the measured amplitude to modulate
the air pressure control signal to try and achieve a target
amplitude. Raw vibration data was logged in order to verify
that the amplitude of vibration did indeed match the target
amplitude.

IV. RESULTS

A. Baseline performance of the vibration actuator

It is important to first quantify the performance of the
vibrating source so as to be able to draw robust conclusions
about the effectiveness of the particle jamming system.
From the test described above, it was determined that when
powered by a 3.3V supply the source motor vibrates with an
amplitude of 4G and at frequencies slightly above 200Hz.
This is well inside the range of human perceptible tactile
vibrations [14].

B. Range of vibrotactile response

The first useful result from this programme of work is an
indication of the range of vibrotactile sensations that the par-
ticle jamming system can provide. These were plotted on a
frequency-amplitude map to give a very quick interpretation
of the achievable vibration outputs.

This shows that the prototype device is capable of de-
livering vibrations of amplitudes between 0.45 and 5.5G
and frequencies between 80 and 370Hz. The distribution of
observed samples also shows significant control redundancy
in the low amplitude, low-medium frequency part of the
range, meaning that a many different control inputs can
create the same output. This is to be expected as both low
motor drive and high vacuum pressure can reduce the am-
plitude of vibrations. Conversely, the high amplitude regions
of the graph feature fewer samples, though we propose that
a closed-loop control system would be able to reach any
vibrotactile response within the range of observed vibrations.
There were very few vibration recordings that would be
classed as outliers, though the middle of the frequency range
is somewhat sparsely populated at high amplitudes.
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Fig. 2. Vibrotactile signals observed from the prototype interface

C. Effect of vacuum pressure on vibration response

The first characteristic of the particle jamming system
that can be controlled is the vacuum pressure applied to the
particle fluid. Intuitively, stiffening the fluid should restrict
the vibrating motor’s freedom to move, so there should be
an observable reduction in amplitude at higher vacuums.
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Fig. 3. Vibrations recorded at various pressure levels

This intuition is borne out by the experimental obser-
vations, which show that the amplitude of vibration drops
from 5G to 2G over the range of pressures used in the
experiment. Another interesting observation is that the shape
of the vibration waveform has a noticeable double peak in



the soft fluid, but becomes smoother quite rapidly as the fluid
stiffens.
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Fig. 4. Effect of vacuum pressure on amplitude of vibration

The frequency of vibration is also affected by the state of
the particle fluid, with the dominant frequency of vibration
shifting from 148Hz to 230Hz over the full range of vacuum
pressures. This is a significant shift but only represents a
fraction of the overall frequency response of the prototype
device, as ascertained in the experiment above.
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Fig. 5. Frequencies of vibrations recorded at various pressure levels

D. Effect of motor speed on vibration response

The second control input parameter is the power supplied
to the vibrating motor.

Testing showed that under low vacuum pressure, and thus
with the particles in their soft state, increasing motor power
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Fig. 6. Vibrations recorded at -5.4KPa (weak vacuum), under several levels
of motor power

created a more pronounced periodic vibration and a slight
increase in amplitude. Frequency remained fairly consistent
under this condition.
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Fig. 7. Vibrations recorded at -26KPa (strong vacuum), under several levels
of motor power

Under a strong vacuum, and with a rigid particle body, the
increasing motor power doubles the amplitude of vibration
up to about 40% power, at which point amplitude remains
consistent. Frequency does however change substantially
throughout the range of motor powers, indicating that in a
future control scheme motor power could be used to effect
a substantial shift in vibration frequency whilst having little



impact on amplitude, thus decoupling these two normally
related quantities.

E. Effect of mechanical forces

Mechanical forces, such as those exerted by a user’s hand
or force-feedback system, have a substantial effect on the
shape, though much less so on the overall amplitude of
vibrations observed from the particle jamming system.
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Fig. 8. Vibrations recorded under a minimal vacuum with differing levels
of mechanical force

Under minimal vacuum, when the interface is still rela-
tively soft, there is a pronounced change from a relatively
smooth signal with well defined periodicity, to a very erratic
vibration, though there is still an observable periodicity
to this signal (approximately 0.5uS under 10N fingertip
force). The overall amplitude of the observed vibration is
approximately halved from around 2G to slightly over 1G at
the largest peaks. Amplitude remains relatively stable at low
fingertip forces, with no significant change in the first half
of the measured range (1-5N).

The frequency spectra of the vibrations under mechanical
force demonstrate this effect, with the peak frequency com-
ponent shifting only very slightly up to 5N of applied force,
but then changing dramatically with additional frequency
components (which are not harmonics of the first) showing
as equally significant parts of the overall signal. It will be
down to a future user study to determine the perceptual effect
of these changes.

Similar results are observed under high vacuum pressure
(-27KPa) when the particle fluid is already very stiff. In this
case, there is a negligible change in overall amplitude (2G be-
tween peaks is maintained consistently) but the deterioration
of the smooth, periodic vibration is more pronounced, with
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Fig. 9. Frequency of vibrations recorded under a minimal vacuum with
differing levels of mechanical force
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Fig. 10. Vibrations recorded under a strong vacuum with differing levels
of mechanical force

perturbations apparent under forces as low as 2N. Observable
periodicity is completely lost under forces above 8N.

This is apparent from the frequency spectrum which
again shows a number of other frequency components below
700Hz, but also much higher frequencies between 800 and
1400Hz.

F. Simple closed loop control

Although the focus of this study is on the experimental and
observational characterization of the vibrotactile response to
input control signals, some attention must be paid to the
eventual control of devices employing this technology. A
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Fig. 11. Frequency of vibrations recorded under a strong vacuum with
differing levels of mechanical force

very simple proportional controller was implemented to use
air pressure to achieve a target amplitude. Without measuring
or commenting on the frequency response, even this very
basic control method achieved stable target amplitudes, with
a consistent 1.5% error. This can be easily corrected by
implementing a full PID control scheme though this, and
frequency and motor speed control, will form the basis of a
larger study into the controllability of the device.

V. DISCUSSION AND CONCLUSION

Whilst this technology was initially intended to use air
pressure to modulate vibration amplitude, the most signifi-
cant feature of the results presented above is actually the dis-
tinct and separable changes in the amplitude and frequency
outputs in response to input air pressure and motor power.
This raises the possibility that the amplitude and frequency
of the vibration response can be controlled independently by
modulating the air pressure and motor signal respectively.

This result will form the basis of another study into the
application of robust feedback control of both the vibration
frequency and amplitude. The existing proportional con-
troller worked surprisingly well under laboratory conditions,
though it will be necessary to expand this to account for
external influences and to eliminate the consistent error.
Further optimisation may also improve the response time.

The observed behaviour under mechanical load is also
an interesting result, which in itself raises the question of
whether the user’s manipulation could, consciously or uncon-
sciously alter the intensity of felt vibration. This behaviour
will need to be considered when designing a feedback
controller as it will need to be able to correct for these effects.
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