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ABSTRACT
Finger pressure offers a new dimension for touch interaction,
where input is defined by its spatial position and orthogo-
nal force. However, the limited availability and complexity
of integrated force-sensing hardware in mobile devices is a
barrier to exploring this design space. This paper presents a
synthesis of two features in recent mobile devices – a baro-
metric sensor (pressure altimeter) and ingress protection –
to sense a user’s touch force. When a user applies force to a
device’s display, it flexes inward and causes an increase in
atmospheric pressure within the sealed chassis. This increase
in pressure can be sensed by the device’s internal barometer.
However, this change is uncontrolled and requires a calibra-
tion model to map atmospheric pressure to touch force. This
paper derives such a model and demonstrates its viability
on four commercially-available devices (including two with
dedicated force sensors). The results show this method is
sensitive to forces of less than 1N, and is comparable to
dedicated force sensors.

CCS CONCEPTS
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Figure 1: A Google Pixel 2 XL device being characterised
with a DENSO VP-6242G six-axis robotic arm.

1 INTRODUCTION
Touch-based interactions consist of both a spatial location
and a contact force. Even when force is not a parameter of the
interaction, users will inevitably perform a force profile with
their contact [24]. However, although force is an integral
component of many stylus gestures [e.g. 17, 18, 32], it is
not prevalent in touch gestures. A substantial factor in this
disparity is the limited availability of force-sensing hardware
for designers to prototype and experiment with compelling
interactive experiences that utilise contact force.

Most commercially-availablemobile devices feature barom-
eters (pressure altimeters) to aid navigation and fitness track-
ing features, and it is becoming common for devices to also
feature dust and water ingress protection. To guard against
dust and water ingress a device must be sealed and almost air-
tight – isolating the internal atmosphere of the device chassis
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from the external environment. Once a device is sealed, push-
ing on its external flexible surfaces (e.g. the display) is akin to
squeezing a balloon, and produces an increase in the internal
atmospheric pressure. This change in internal pressure can
be measured using the barometer before it equalises with
the external atmosphere.

In order to utilise this signal the relationship between the
forces applied to different locations on the display and in-
ternal atmospheric pressure changes must be characterised.
This also establishes the limitations of the technique in terms
of the types of force it can accurately sense (relative vs. ab-
solute, minimum resolution, etc.). In this paper we examine
Google Pixel 2 devices and Apple iPhone devices to charac-
terise their barometric responses to forces on their display,
and develop a model to map barometric sensor output to an
estimate of touch force. The latter devices also feature dedi-
cated force sensors, which allow us to validate the accuracy
of this sensing technique.

2 BACKGROUND
The most common and commercially-mature methods for
sensing the forces applied to a surface are Force Sensing
Resistors (FSRs) and strain gauges, which change their elec-
trical resistance with the forces upon them [21, 22, 31]. A set
of interleaved electrodes (FSRs) or discrete sensor elements
(strain gauges) are arranged over a surface to measure its
deformation from forces upon any part of it. When combined
with a touch sensor that can resolve the spatial location of
a contact, a factory calibration procedure and interpolation
algorithm can produce accurate touch-force sensing.
Force sensing without additional sensor elements is also

possible with certain capacitive touch-sensing methods [27].
For example, charge-sensing touch technologies allow one
electrode of the sensor to ‘float’ above the other, fixed elec-
trode [28]. When force is applied to the floating electrode,
its distance to the fixed electrode is reduced, which causes
the mutual capacitance between them to increase.

However, force sensing is not a standard feature of touch
sensors, nor is it a pervasive feature on commercially-available
mobile devices. Researchers have therefore explored aug-
mented hardware, wearable hardware, or alternative sensing
methods for detecting a user’s touch force. These include
device cases with embedded FSRs/strain gauges [15], finger-
mounted sensors [12, 29], and correlations with inertial sen-
sors [8, 9, 11, 13, 16].

Interaction researchers have used these tools to explore the
force component of touch input as an interaction parameter
in a diverse design space [6, 10]. As with spatial position,
force can either be treated as a continuous input for analogue
parameter control (such as the speed of scrolling [2, 3] or
zooming [8, 15, 19, 23]), or discretised into several levels
for selecting between modes of operation (such as opening

context menus [9, 30], switching between keyboard layouts
[5, 8], or as part of a gesture vocabulary [20]).

3 BAROMETRIC PRESSURE SENSING
Two trends in mobile device design have created a possible
sensor-fusion approach for estimating touch force without
a dedicated force sensor: (1) the inclusion of a barometer
to sense atmospheric pressure for estimating altitude, and
(2) enclosures with ingress protection against dust and liquid.

A barometer (pressure altimeter) measures the weight
of the air above a sensing element (in N/m2 – Pascals: Pa).
Although atmospheric pressure can be related to absolute
altitude [4], local variations make such sensors more suitable
for measuring relative altitude (at ≈0.12 hPa/m). Barometers
have been featured as standard sensors on mobile devices
since the Samsung Galaxy Nexus (2011), and are commonly
used for navigation and fitness tracking features.

Ingress protection guards against the intrusion of dust or
liquid into a device chassis. The level of protection is typically
measured against IEC standard 60529 – for example, a device
rated with an IP67 code protects against the ingress of any
dust, or water at pressures sustained at a depth of 1m for
30min. This is achieved using rubber/silicone gaskets and
adhesive sealing around joins, gaps, or exposed components
(e.g. around the display, physical buttons, connector ports,
and speakers) – creating a boundary between the external
atmosphere and that internal to the device chassis.

However, creating a completely impermeable boundary is
not desirable. If the device were completely airtight, then the
pressure on the device’s internal components would vary
with altitude and temperature.1 For example, transporting a
device on an aircraft (at a lower atmospheric pressure than
at sea level) would place a large amount of stress on the seals
and internal components as the pressure differential tries to
tear the device apart.
To resolve this, barometric vents are added to allow at-

mospheric pressure differences to equalise. The vents are
created from an expanded polytetrafluoroethylene (PTFE)
membrane, which is naturally hydrophobic, and with a struc-
ture to prevent penetration by dust particles. The membrane
allows for a choked flow of air (measured in ml/min/cm2)
to slowly equalise the internal chassis pressure with that of
the external atmosphere.

These two features (the barometer and ingress protection
with venting) create an environment where sudden changes
to the atmospheric pressure inside a device chassis can be
readily sensed by its barometer – which slowly equalises
over a short period of time through the barometric vent. In
particular, placing a force on the device’s glass display will
flex it inwards, reducing the internal volume, and creating a

1It would also render an internal barometer functionally useless.
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small increase in the atmospheric pressure within the device
(akin to squeezing a balloon). Conversely, releasing this force
will have the opposite effect on the internal pressure relative
to the external atmosphere.

This creates a simple but effective mechanism for measur-
ing touch force on a device near the moment of contact and
tracking it as the internal pressure equalises. Although this
is not a generalised force sensor, it can be a useful tool for
researchers and designers to experiment with force-based
interactions or to prototype specialised hardware when a
dedicated force sensor is prohibitive.

Changes in air pressure have also been used as a sensing
mechanism for other interactive techniques [e.g. 1, 14], and
Takada et al. [25] also observed these effects for touch in-
teraction on mobile devices – presenting a simple method
for discriminating coarse, relative touch forces. We further
cultivate the technique by deriving a physical model for a
device’s pressure equalisation that allows high-resolution
continuous tracking of user-independent touch forces.

Modelling Pressure Equalisation
When a user applies a force to a device’s display, the internal
air pressure will follow a predictable pattern: it will rise
commensurate with the force, and then decay as it equalises
through the barometric vent.
This decay can be modelled from an application of the

ideal gas law,
PV = nRT ,

where P ,V ,n, andT are the pressure, volume, amount (moles),
and temperature of the gas, respectively, and R is the ideal
gas constant. The amount n can be written in terms of the
gas’ density ρ from its total massm and molar massM (with
specific gas constant Rs ):

n =m/M, ρ =m/V , Rs = R/M,

P = ρRsT . (1)

In this case the air is a compressible flow whose pressure P
changes over time t due to a decrease in ρ from flow through
the vent, modelled by the mass flow rate Ûm [7, 26]:

dP

dt
=
dρ

dt
RsT , (2)

dρ

dt
=

Ûm

V
=
dm

dt
V −1 =

−ρ(t)Au

V
, (3)

where A is the area of the vent and u is the flow velocity.2
For a choked isothermal flow (i.e. constricted by the size of
the vent, and with no change in temperature),

u =
√
P/ρ =

√
RsT .

2Conversely, when a user releases their force the change will be positive.

Therefore,

ρ =
P

RsT
, (from 1)

dρ

dt
=

−P(t)A
√
RsT

RsTV
, (from 3)

dP

dt
=

−P(t)A
√
RsT

V
, (from 2)

P(t) = P0 exp
[
−A

√
RsT · t

V

]
, (4)

where P0 is the initial gas pressure.3 AsA, Rs ,T , andV are ef-
fectively constants for a given device, their combined factors
can be modelled as simply an exponential decay:

P(t) = P0 exp[−λt]. (5)
The parameter λ characterises a device’s pressure equalisa-

tion, and deviations from Equation 5 can be used to measure
changes in the user’s applied force (described later).

4 DEVICE CHARACTERISATION
The barometer included in mobile devices is designed to
measure external atmospheric changes, and not localised
changes in internal pressure (which is an undesirable side-
effect of the ingress protection). This means the placement of
the sensor within a device, the cavities between components,
and the location/size of barometric vents may not be optimal
for sensing pressure changes from touch forces on the display.
Similarly, the flex of a device’s display is not even across its
surface (e.g. pushing at the centre of a display will flex it more
and create a larger increase in internal pressure than at its
edges) and will vary with its material, shape, and attachment
to the device chassis.

These issues require that each device is characterised and
calibrated with respect to its barometer’s sensing capabilities
for touch forces.
We therefore characterised the responsiveness of device

barometers to touch force on four commercially-available
devices: the Google Pixel 2 and Pixel 2 XL (two of each), and
the Apple iPhone 7 and iPhone X (one of each). The latter
two also feature dedicated hardware for sensing touch force,
facilitating comparison with barometer-based sensing.

Apparatus
A DENSO Robotics VP-6242G six-axis articulated robot arm
performed controlled interactions on the devices (Figure 1).
A metal stylus with a 3mm thick, 80mm diameter Shore
A-40 hardness EPDM rubber tip and a grounded aluminium
foil cover simulated a finger’s touch contacts. The stylus was
mounted on a load cell with a closed-loop PID controller for
precise force control.
3In this case, the difference relative to the external pressure.
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P(x ,y) w h

Pixel 2 (17, 29) 33 86
Pixel 2 XL (16, 21) 47 117
iPhone 7 (10, 21) 38 84
iPhone X (8, 8) 42 108

Figure 2: The contact locations on each device. Four rows
and three columns were evenly spaced in the rectangle de-
fined by an offset P (measured from the top/left edges of the
device), and the lengthsw and h (all in mm).

Procedure
The robotic arm was programmed to perform touch contacts
at 12 locations on each device’s display (Figure 2). At each
location the stylus pressed orthogonally to the screen at
three force levels (1, 3, and 5N) – each held for 5 s and then
released for 5 s before moving to the next level/location.
Each device was tested three times, with all touch and

barometric data recorded using its internal sensors.

Results
Figure 3 shows a representative sample of the pressure profile
collected at each contact location.We used the pressure value
100ms before a touch contact as a baseline to calculate the
pressure delta during the contact. In general, after a force was
applied to the display there was a sharp rise in barometric
pressure commensurate with the force, followed by a decay
as the internal and external pressures equalised.
To fit Equation 5 we took the peak value after each con-

tact as P0 and applied it as a normalisation factor for the
subsequent data. This allows the decay parameter λ to be
compared between force levels and between devices.We then
found λ using log-level linear regression (i.e. ln[P(t)] = −λt ;
as P0 = 1). Table 1 shows the median values of λ across all
forces and locations for each device type tested. As expected
from the derivation of P(t), λ is consistent between all loca-
tions and force levels within each device type (indicated by
the small confidence intervals; any differences in volume V
from the location are too small to be of consequence).

There was substantial variation in the scale of the pressure
profile across the matrix of contact locations (i.e. the maxi-
mum pressure delta for each force at each location). Figure 4
shows a representative map of the maximum barometric
pressure delta recorded at each location for a 5N force. As
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Figure 3: Barometric pressure profiles for a Google Pixel 2
(left) and an Apple iPhone X (right) for contacts of 1, 3, and
5N (shaded) near the centre of the display.

Table 1: The median λ (and 95% CIs) across all locations and
force levels, and the mean R2 of the fit.

λ R2

Pixel 2 0.76 [0.72 0.80] .96
Pixel 2 XL 1.06 [0.98 1.11] .96
iPhone 7 6.72 [6.45 6.92] .91
iPhone X 7.01 [6.74 7.38] .91

expected, devices were most sensitive near the centre of their
display and least sensitive near the edges.

For each device we fitted a linear model at each location to
the relationship between the input force and the peak baro-
metric pressure delta. As implied by Figure 4, the slope (β)
of these models varied with location, but without adversely
affecting the fit (mean R2 ≥ .99). Figure 5 shows the result of
applying these models as force calibrators – illustrating the
linearity of the response and the variance across test runs
and locations. It is expected that the response will eventually
saturate as the display meets rigid elements, but this was not
apparent in the 1–5N range on any device.
Sensor noise was low, with even the 1N force detectable

with a signal-to-noise ratio4 of between 5 (Pixel 2) and 10
(iPhone 7) at the weakest locations (the corners).

Force Sensor Comparison. The Apple iPhone 7 and iPhone X
have dedicated touch-force sensors that can be tested and
compared with barometer-based sensing using this method.
They do not report force-sensor data as physical force, but

4Defined as the ratio of the 1N peak signal to the standard deviation of the
background (0N) noise.
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Figure 4: The maximum barometric pressure delta (hPa) for
a 5N force at each contact location (Figure 2) on a Google
Pixel 2 XL (left) and an Apple iPhone X (right).

an arbitrary value f ∈ [0, fm], where f = 1 represents ‘the
force of an average touch (predetermined by the system, not
user-specific)’.5 Empirically, fm appears to correspond to all
forces above 5N at a ‘firm’ sensitivity setting. The response
of the force sensor was mostly linear, and the slope did not
vary by location. The variance of the calibrated signal was
comparable to barometer-based sensing (Figure 5).

5 TOUCH-FORCE SENSING ALGORITHM
The above characterisation provides a basis for an algorithm
that converts touch input location and barometric pressure
into a continuous measure of touch force. In particular, the
linear relationship β between input force and peak baromet-
ric pressure is a model for converting changes in barometric
pressure to changes in input force, and the decay λ is a model
for tracking a baseline for barometric pressure over time.
For a given device, the linear slope β varies smoothly

across the display (Figure 4), creating a surface that can be
interpolated on to determine a βp for a touch position p. The
decay λ does not vary with location.6

If the input force is static, barometric pressure is expected
to follow Equation 5 from any initial P0. Deviations between
measured pressure P̂(t) and expected pressure P(t) can be
scaled by βp to obtain the deviation in input force:

∆F = βp [P̂(t) − P(t)]. (6)

When integrated, this provides a method for tracking smooth
changes in input force. That is, the difference between the
slopes of P̂(t) (empirical) and P(t) (expected) is the rate that
the input force is changing.

5https://goo.gl/ww2Fjo
6Depending on operating conditions, it may be necessary to factor temper-
ature T out of Equation 4.
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Figure 5: The mean calibrated output (±SD) at each tested
input force of the barometric (left) and force (right) sensors
across all locations.

However, as the input force is unlikely to change at a
constant rate (i.e. users can modulate their force arbitrarily),
a simple method to operationalise Equation 6 is to apply
it discretely from local maxima. That is, using the pressure
value shortly before a touch contact as a baseline, local peaks
in pressure set P0 and a force value F :

F = βpP0 + F
∗,

where F ∗ is the calculated force value before the peak; ini-
tially 0. This force value F is adjusted by ∆F with each sub-
sequent pressure sample above the noise floor (i.e. after a
band-pass filter).
This algorithm allows for simple measurement of the in-

stantaneous force coinciding with a contact (e.g. soft vs. hard
taps), but also tracking the continuous modulation of force
during a protracted contact (e.g. while scrolling or zooming).

6 DISCUSSION
These results demonstrate that measuring the atmospheric
pressure within a sealed device chassis is an effective method
for sensing forces applied to its exterior. Our characterisa-
tion of Google Pixel 2 and Apple iPhone devices found that
although each device had different mechanical characteris-
tics, they were consistent within themselves and followed an
expected physical pressure model. All devices had the sensi-
tivity to detect forces under 1N, which can be continuously
tracked using a simple algorithm.
The low noise and linear response are comparable with

dedicated force sensors (Figure 5). The pressure decay (Equa-
tion 5) will accrue some tracking error when the internal/ex-
ternal pressure differential is close to zero (i.e. the signal
approaches the noise floor), but relative changes in touch
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force that provoke sharp changes in pressure are measurable
with a high degree of accuracy. The consistency of responses
between devices of the same type across test runs allows the
algorithm’s parameters (λ and β) to be reused for prototyping
without per-device or per-user recalibration.

To fulfil their intended functions barometric sensors are
rated to sense the relative change in atmospheric pressure
corresponding to an altitude change of ≈1m [4]. For the
devices tested this sensitivity was well above that required
to sense 1N of force. The forces used in typical touch inter-
actions are ≈0.5N, but with substantial variability between
tasks [24]. Force-based interactions are therefore likely to
operate in the 1–5N range we characterised.
Barometric sensors are resilient to inertial forces, and

therefore a user’s movement or handling of a device does
not introduce interference. Although low-frequency envi-
ronmental changes (e.g. temperature) will affect barometric
pressure, they are accommodated by observing a baseline
immediately before each contact and are unlikely to change
during a touch contact.
However, the frequency response of this technique is

bounded: on one side by the reported sampling rate of the
barometer (we observed 25Hz), and on the other by the flow
rate of the barometric vent (i.e. λ). That is, if a user’s input
force changes either too quickly or too slowly, it may not be
captured by the barometer due to under-sampling or rapid
pressure equalisation, respectively. Similarly, if a large nega-
tive internal pressure is being equalised, touch contacts will
need to overcome the pressure differential and λ for their
force to be detected accurately.

Although this paper has focussed on forces upon the dis-
plays of mobile devices, this sensing technique is also appli-
cable to other areas of a device and to other types of devices.
For example, forces on the sides or back of a device will also
yield changes in atmospheric pressure – however, without
a corresponding sensor to confirm the presence of a user it
may be difficult to attribute these changes to an intentional
action. The broad availability and high sensitivity of baro-
metric sensors also allows them to be embedded into novel
input devices to measure the forces upon them.
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