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Abstract—Fully autonomous vehicles, capable of completing
entire end-to-end journeys without the interference of a human
driver, will be one of the biggest transforming technologies of the
next decades. As the journey towards fully autonomous vehicles
progresses, there will be an increase in the number of highly
automated vehicles on the roads, requiring the human driver to
take back control in situations, which cannot be handled by the
vehicle autonomously. These human-robot take-over requests can
lead to safety risks, in particular in scenarios when the driver fails
to understand the take-over request and, hence, lacks situational
awareness. This paper presents the acceptance and usability
assessment of a haptic feedback driver seat capable of informing
the driver of a take-over request through static mechano-tactile
haptic feedback. The seat is equipped with an embedded array
of soft pneumatic actuators, that have been fully modelled and
characterised. The evaluation process of the haptic feedback
seat engaged 21 participants who experienced both auditory
and haptic feedback from the seat in a number of simulation
experiments within a driving simulator. The vehicular technology
was assessed through well-established methods to understand
the acceptance (usefulness and satisfaction) and usability of the
haptic feedback driver seat.

I. INTRODUCTION

ITH the paradigm shift towards driverless, fully au-
Wtonomous vehicles, the uptake of highly automated
cars will significantly increase [1]. Highly automated vehicles
are characterised by different levels of autonomy supported by
assistive technologies. The Society of Automotive Engineers
has introduced six levels of driving automation ranging from
0 (fully manual) to 5 (driverless/fully autonomous) depending
on the autonomy features of the Advanced Driving Assistance
System (ADAS) provided to drivers [2]. In autonomy levels 1
and 2, the vehicle possesses some capability to perform spe-
cific tasks such as (adaptive) cruise control or lane changing;
however, the driver must maintain constant awareness of their
surroundings and be prepared to intervene when needed as
the liability of any incident is with the human driver. Starting
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Fig. 1. (a) The haptic feedback seat, its control box, and power supply are in
front of a 65-inch screen on a Honeycomb optical table top. A steering wheel
and foot pedal complete the driving simulator setup. 12 soft actuators are
embedded into the bottom and back side bolsters of the seat. (b) The actuator
is made of a silicone material, reinforced using fibres and fabric meshes.

from level 3 the driver can be engaged in tasks other than
driving, commonly referred to as secondary tasks. The liability
is now with the vehicle manufacturer. In level 3, the vehicle is
able to handle some driving tasks under certain circumstances,
specifically within a well-defined environment (e.g., driving
on a highway with a centre strip). During these situations, the
driver is allowed to engage in secondary tasks, however, the
driver is required to intervene within a short time if the system
requires them to do so. In level 4, the vehicle can also drive
autonomously under certain situations and return to a state of
minimal risk, e.g., safely stopping on the hard shoulder, if the
driver does not react to a take-over request. Level 5 describes
full driving automation. No driver is required as the car can
handle all driving functions at all times. The passengers in
a vehicle providing level 5 only need to provide navigational
input [3]. By 2035, it is predicted that vehicles with autonomy
levels 3-5 will reach 58% of total sales [1].

During the transition from higher to lower levels of au-
tonomy, the driver must actively engage both cognitively
and physically. They need to maintain full awareness of the
surrounding environment, monitor the vehicle, and be prepared
to take control in a timely and intuitive manner when the ve-
hicle’s ADAS is unable to handle the situation effectively [4],
[5]. To notify the driver of an impending unresolved situation,
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such as reaching programmatic limits or encountering a poten-
tially dangerous scenario, the vehicle issues a take-over request
(TOR) to prompt the driver to manually resume the driving
task. In commercially available vehicles, feedback systems
incorporate visual cues (e.g., displayed on the dashboard,
steering wheel, middle console, or head-up display) as well
as non-vocal auditory cues (e.g., audio chimes) [6]—[8].

Research has concluded that audio and visual feedback can
benefit a take-over activity through the introduction of vibro-
tactile cues [9], [10], [17]. Haptic feedback, in particular,
becomes a viable solution for inclusive TORs for drivers
with hearing impairments in highly automated vehicles. Such
drivers may struggle to differentiate audio feedback from envi-
ronmental sound or may have difficulty hearing the feedback
altogether. Additionally, relying solely on visual cues from
the dashboard may not prove feasible in such scenarios. In
particular, previous studies have concentrated on providing
warning or directional information, often using vibro-tactile
actuators that stimulate multiple areas of the body [10]-[15],
[18]. However, it has been noted that the effectiveness of high-
frequency vibro-tactile feedback is limited, attributed to poten-
tial discomfort and problems such as tactile clutter [11], [15].
Understanding the advantages of high-frequency vibro-tactile
feedback for urgent TORs and warning messages to the driver
and its limitation for long-duration and continuous feedback,
as previously reported [11], [15], our research explored the use
of ambient, less-intrusive static mechano-tactile feedback [12]
for less critical, non-urgent TORs, to inform and guide the
driver to take back control.

This paper presents acceptance and usability results of
providing static mechano-tactile haptic feedback through a
haptic driver seat (see Fig. 1). Through the activation of an
array of embedded soft pneumatic actuators (SPAs), the seat
is capable of informing the driver of a TOR. The experi-
ments aim at thoroughly understanding both the acceptance
(encompassing usefulness and satisfaction), assessing whether
potential drivers would utilise the system, and the usability,
evaluating the quality of the user’s interaction and ease of use
of the haptic feedback driver seat. Both aspects are crucial
in the success of technology. The acceptance model employs
the toolkit by Van der Laan et al., which is tailored for this
purpose [29]. The System Usability Scale was also utilised to
understand the system’s usability, as detailed by Brooke [33].

Section II provides a review of available haptic feedback
technology for automated vehicles. In Section III, the soft
robotic actuator used as the haptic feedback mechanism is
presented in detail. For validation experiments with human
participants, a driving simulator was created, described in
Section IV, while the experimental setup and protocol are
detailed in Section V. The results presented in Section VI
are discussed in Section VII. Section VIII draws conclusions
for future employments of soft robotic, haptic driver seats for
autonomy level transitions in highly automated vehicles.

II. HAPTIC FEEDBACK DRIVER SEATS: A REVIEW

A number of haptic feedback seats have been developed for
vehicles aiming, e.g., to provide alerts or enhance driver com-
fort. In particular, researchers have focused on implementing

vibro-tactile motors into seats which have been reported to
enable the driver to react faster to a TOR than text-based [9]
and auditory cues [17], while observing low frustration in the
driver [9]. Telpaz et al. found that employing haptic feedback
compared to a no-warning control group resulted in a more
thorough scan of the environment in the seconds after issuing
the TOR, which led to more situational awareness [18]. Al-
though general high satisfaction levels are achieved, Chang et
al. found that their vibro-tactile seat returns lower satisfaction
levels than auditory systems [17]. Fitch et al. point out that
giving several stimuli using haptic feedback is also suitable
for directional cues, whereas overloading the driver with cues
resulted in performance deterioration [19]. In 2015, General
Motors (GM) launched their Safety Alert Seat using pulsing
driver seat vibration to communicate potential dangers [20].
This seat works together with the automated driving support
systems such as Front or Rear Parking Assist (RPA), Front
Pedestrian Alert (FPA), Forward Collision Alert (FCA), and
Lane Departure Warning (LDW) [20].

In recent years, several manufacturers have utilised pneu-
matic air cushions in seats due to their characteristics of com-
fort, silence, and cost-effectiveness across different industries,
including the automotive and airplane industries. Switzerland-
based company Lantal Textiles has developed similar pneu-
matic seat structures known as the Pneumatic Comfort Sys-
tem [21], [22]. This system replaces traditional foam cushions
with inflatable seat cushions, allowing passengers to sit or lie
on the seat comfortably. The air volume can be automatically
adjusted by the controller to optimise passenger comfort.
This type of structure, commonly used in the aerospace
field, offers benefits such as light weight, adjustable stiffness,
lumbar support, massage capabilities, and dynamic contouring.
The seat can even be fully reclined to serve as a mattress,
further enhancing the passengers’ comfort experience. In the
automotive industry, Volvo and Kongsberg Automotive have
investigated a pneumatically actuated seat support system
specifically designed for automobile applications [23], [24].
For instance, one system includes pneumatic lumbar support to
provide relaxation for occupants while supporting the memory
seat function, a massage system to increase driver comfort,
and bolster systems to maintain the correct positioning of the
customer. Continental introduced a more advanced pneumatic
seat known as Seat Comfort Systems. This innovative system
utilises the Pneumatic Seat Control System to optimise driving
comfort [25], [26]. The seat incorporates a dynamic support
function, acting as an active driver that automatically adjusts
the shape of the pneumatic bag positioned near the driver’s
waist. This dynamic support feature enhances the overall
comfort experience during driving.

Overall, existing research has shown that combining haptic
feedback with audio and visual cues can have positive effects
on the outcome of TORs [9], [10], [17]. When it comes to
haptic feedback, it has been noted that high-frequency vibro-
tactile stimulation can be attributed to potential discomfort
and, e.g., tactile clutter [11], [15]. Static mechano-tactile
feedback, on the other hand, might achieve attentional salience
for non-urgent TORs, primarily through the actuation profile
and pressure [40].
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ITI. DESIGN, FABRICATION, AND CHARACTERISATION OF
A SOFT PNEUMATIC ACTUATOR FOR HAPTIC FEEDBACK

In Section III-A, the design and fabrication process of a
single soft robotic actuator is presented. A number of these
soft robots are integrated into a driver seat (see Section IV).
The actuator incorporates a soft material that ensures sufficient
comfort, while the use of pneumatic actuation in the rein-
forced chamber enables the generation of adequate force and
elongation capability. In Section III-B, an in-depth explanation
of an analytical modelling tool is provided that accurately
predicts the actuator’s output force and elongation based on the
design parameters. The validity of the model is demonstrated
through experiments conducted in Section III-C. By utilising
this modelling tool, the actuator can be designed and fabricated
to meet the desired force and elongation requirements specific
to a given application.

A. Design & fabrication of the Soft Pneumatic Actuator (SPA)

The design of the soft actuator is shown in Fig. 2 (a). Mul-
tiple layers of silicone are specifically engineered to address
certain challenges: To mitigate the occurrence of the radial
balloon phenomenon and achieve unidirectional elongation,
Ecoflex 00-30 silicone (Smooth-On) layers are reinforced with
a polyester fibre (Giitermann GmbH, Knorr Prandell Mara
120). Additionally, to enhance stability against shear forces
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Fig. 2. (a) The cylindrically shaped actuator has a diameter of 58 mm

and a height of 60 mm. The actuator comprises different reinforcements: A
fibre reinforcement (blue) prevents radial expansion of the actuator while
allowing elongation. The two-way stretch fabric (black) prevents buckling of
the actuator when loaded axially. Ecoflex 00-30 silicone is used for the main
body. Inextensible fabric (brown) embedded into Dragon Skin 30 silicone
(grey) reinforces the top and bottom of the actuator. (b) Methodology for the
fabrication of the soft actuator.

and prevent undesired radial movements, the outer wall of the
chamber is lined with a two-way stretch fabric. To maintain the
integrity of the actuator’s upper and lower surfaces and prevent
bulging during operation, an inextensible fabric (Jackson’s Art,
43T Polyester Mesh) is incorporated along with an additional
layer of stiffer silicone, Dragon Skin 30 silicone (Smooth-
On). This combination enhances the actuator’s shape stability.
Air pressure is supplied to the soft actuator through a pipe
inlet located at the bottom. It is important to note that the
actuator design presented here builds upon and further refines
the design previously described in [27].

The methodology to fabricate the actuator is shown in
Fig. 2 (b). The initial step involves creating the stiffer top
part (Step 1). This is accomplished by casting a 1.7 mm thick
layer of Dragon Skin 30, along with an inextensible fabric
sheet, on top. In Step 2, the manufacturing of the main body
of the actuator begins with the first layer, which consists
of a cylindrical hollowed Ecoflex 00-30 silicone chamber
measuring 54 mm in width. The chamber is moulded directly
onto the stiffer top part, with an inner diameter and height
of 50 mm. Step 3 involves applying a two-way stretch fabric
around the first layer. The fabric is securely held in place
by wrapping the inextensible fibre around the outer surface.
By stitching the inextensible fabric to the fibre, a robust
connection between the reinforcements is established. Simul-
taneously, in a separate moulding step, similarly to Step 1, the
bottom part is manufactured. This involves placing another
inextensible fabric cutout with a diameter of 45 mm into a
50 mm mould and pouring the stiffer Dragon Skin 30 silicone
material on it. Step 4 involves the sealing of its inner chamber.
This is achieved by attaching a 3 mm thick silicone cap at the
bottom of the actuator. The cap, whose fabrication process
is similar to that outlined in Step 1, is designed to ensure
airtight sealing and to facilitate the integration of the pressure
pipe. The actuator’s fabrication is finalised with an additional
layer of Ecoflex 00-30 silicone. This secondary coating is
applied to comprehensively envelop the underlying two-way-
stretch fabric and the fibre reinforcement. The incorporation of
this layer enhances the structural integrity of the actuator and
results in an increase in its external dimensions, expanding its
outer diameter to 58 mm and elevating its height to 60 mm.

B. Analytical mathematical model for the SPA

To facilitate the actuator design process, an analytical model
is utilised. This approach enables, for instance, achieving the
required displacement and force for effective signal transfer
through the seat cover to the driver. Additionally, the model
ensures the attainment of targeted force outputs which should
be between the detection threshold and the threshold that
determines pain, approximately 47.1N/cm? for female and
71.6 N/cm? for male users, as cited in [42], given size re-
quirements for the actuator’s size to embed multiple actuators
into the driving seat. The modelling approach, presented in
this section, reduces thereby the need for extensive prototyping
incorporating the material behaviour under applied pressure,
along with the stress distribution within the material. Then,
a mathematical representation of the longitudinal strain expe-
rienced by the material is provided. This is followed by an
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examination of the resistance force generated by the actuator.
Fig. 3 provides a schematic representation of the notations
used in the equations discussed subsequently.

1) Analytical modelling of stresses: The analytical de-
scription of the actuator is based on the work in [28], in
which a model for a soft fibre-reinforced flexural actuator
was developed. Instead of employing the Neo-Hookean ma-
terial model [34], the Gent hyperelastic material model is
utilised [35]. The Gent model is an enhancement of the Neo-
Hookean model which incorporates a defined maximum value
to limit the first strain invariant. This model is better suited
for the actuator taking into consideration that it can accurately
capture the limited extensibility of the two-way stretch fabric
utilised in the actuator design. The strain energy is thus given
in (1).

W _Hm

n 1—11_3
2 Im

I; is the first invariant of the three eigenvalues \j, Ay and A3
(axial, circumferential, and radial) as in (2).

),Il<Jm+3. (1)

I =M+ A3+ 3. 2)

The shear modulus p of the material and J,,,, the limit of I; —3,

are material-specific parameters of the model. For J,,, = oo

the Gent model reduces to the Neo-Hookean model [36].
Due to the incompressibility of the material, Eqn. (3) yields.

det(F) = A; - Ao - Az = L. 3)

I is the deformation gradient. The fiber reinforcement of the
actuator prevents expansion along the circumference, which
leads to negligible strain in the circumferential direction (Ay =
1). For A\; = A, the eigenvalues can be written as in (4).
1
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A
The Cauchy stress tensor 1 for the incompressible Gent model
is calculated by ().
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Fig. 3. Sectional view of the actuator a) in the non-actuated state and b) in
the elongated state including c¢) a cutout to describe the acting forces.

Where p is a hydrostatic pressure term representing the
incompressibility constraint and B is the left Cauchy-Green
deformation tensor [36], which can be expressed as in (6).

1
B:A2n1®n1+n2®n2+ﬁn3®n3 (6)

This results in the following relationships in (7)-(9) for the
three principal stresses.
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Due to the thin wall of the actuator with a wall thickness of
4mm, the radial stress can be neglected (t3 = 0). Conse-
quently, p can be written as in (10).

wdm, 1
(Jm — I1 + 3) A2
If strains of 1 < A\ < 1.5, which are reasonable for this appli-
cation, are considered, the tangential stress o is significantly
smaller than the axial stress ¢; (t2 < t1/2) and thus, as in [28],
negligible. ¢; is written as o. Combining (7) with (2) and (4)
yields (11).

p= (10)

i) pem
A T = (N2 + 14+ A72) + 3

2) Analytical description of the longitudinal strain: Fig. 3
shows the parameters of the actuator required for the calcula-
tions of the longitudinal strain. [y represents the initial length
of the actuator, measured as the height of the inner chamber.
The area A; is the circular top surface of the chamber and A,
is the cross-section of the actuator wall. When the actuator
is pneumatically pressurised, the internal relative pressure p
results in a change in length Al with respect to . The height
of the part of the actuator filled with air is thus given by (12).

L=l + Al (12)

o=t =(\ - (11)

The pressure acting on the surface A; inside the chamber
causes the actuator to elongate and thus the stress o in the
stretched silicone material of the sidewall. At equilibrium, the
force I}, arising from the pressure is equal to the force F5
resulting from the stress due to the elongation of the sidewall.
Thus o can be determined in (13).
F, Ay
== =p—. 13
7=, T P4, (13)
By elongating, the cross-sectional area A, decreases, which
can be described by the initial cross-sectional area As ¢ in (14).
_Asy  (ra—ri)m

PN (14

Combining (13) and (14) with the relationship already estab-
lished for ¢ in (11), Eqn. (15) yields.
Az 0 pm
== A—— . 15
Ay T — (A2 +14+272)+3 A3 (1)

Ay
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Considering A = 1+e¢ =1+ lA—Ol results in the relationship
between the pressure inside the actuator and the elongation of
the actuator. Rearranging this equation, the force F5 inside the
walls of the actuator is obtained in (16).

HJm

Jm—((1+?(j)2+1+(1+?;)2)+3
-<<1+ZAOZ) - <1+ZAOZ>3>. (16)

3) Analytical description of the resistance force: The fol-
lowing explanations examine the relationship between an ex-
ternally acting force on the tip of the actuator and the resulting
deformation. This allows a relationship to be established for
the stiffness. Assuming a state of equilibrium, Eqn. (17)
results.

Fy=A49

F, = Fopy + Fa(a). (17)

The force F5 depends on the deformation in the x—direction
(see Fig. 3 (b)) due to the additional external force since this
reduces the strain in the silicone sidewall and thus the stress,
as described in (18).

HeJm

Fy=A459 5 —
Jm(<1+A§U$> +1+(1+A§—;$) >+3

-3
: ((HN_””) — <1+Al_x> ) (18)
o o

The pressure inside the actuator is calculated in (19).
_ Fewt F2 (.’I})
Aq A

The top of the actuator is assumed to be a rigid body due to
the added reinforcements. The ideal gas law in (20) is applied.

(20)

19)

PabsV = mR,T

The actuator is assumed to be sealed and the volume in the
connected silicone tubes is neglected. Therefore, the volume
can be calculated by V4 =13 - A1 = (lp + Al) - A;. Further
assuming that the temperature inside the actuator remains
constant due to the slow deformation (I' = Tj), the mass
my of the air inside the actuator can be calculated by (21).

_ (pl + patm)vl
RsTy

Here, the specific gas constant Rg = 287.05 J/(kgK) is used.
p1 describes the applied pressure (for elongation) without an
external force. When the external force is applied, the volume
inside the actuator decreases as in (22).

V(SC) = (ll - l')Al

2y

(22)

The pressure in (23) inside the actuator also depends on the
deformation of z and results from the combination of (22) and
the ideal gas law (20).

o TrLleTo .
(ll . CL‘)A]_ Patm

p(x) (23)

By equating (19) and (23) and transforming the equation
according to the external force, (24) is obtained.

my RsTo
(h — )

Numerical solving methods offer a means to calculate the
deformation (x) of the actuator when subjected to a spe-
cific load (Fe,¢). Furthermore, by examining the relationship
between force and strain, valuable insights can be gained
regarding the actuator’s stiffness or resistance. The stiffness
can be determined using (25), which relates the applied force
and the resulting strain.

Fezt = - pathl - F2 (-T) (24)

o Femtll

ext

Stif fness = (25)

X

C. Comparison of experimental and computational character-
isation results

To determine the material parameters for the Gent model,
as discussed in Section III-B, a tensile test was conducted on
the two-way stretch fabric used in the actuator. A specially
designed 3D-printed testing jig was utilised to replicate the
bi-axial tension experienced by the fabric in the actuator.
The testing jig included overlapping walls to prevent fabric
necking. During the tensile test, the force applied to the fabric
was measured as a function of elongation. The measured data
was then fitted with Eqn. (16) using a nonlinear least-squares
solver (specifically, the trust-region reflective algorithm) in
MATLAB. Initial values of o = 0.15MPa and J,, o = 0.5
were used, and only positive values were considered. The
fitting process resulted in the extraction of the fitted shear
modulus gy = 0.01272MPa and the fitted strain limit
Jm, pir = 0.3179 for the two-way stretch fabric. To account
for the stiffness of the silicone material (Ecoflex 00-30), its
shear modulus fteco30 = 0.025 32 MPa [28] was added to the
fitted shear modulus fi7;; of the two-way stretch fabric.

However, the two-way stretch fabric shows negligible re-
sisting forces if the length of the actuator is smaller than
its initial length [y (Al < 0). Therefore, the model uses
Jm = 10,000,000 ~ oo, which reduces the model to a Neo-
Hookean model and p = pieco30 for Al < 0.

To validate the model and define the actuation parameters, a
series of three experiments were conducted, each confirming a
key feature of the actuator’s intended use in a haptic feedback
driver seat (i.e., elongation behaviour, force generation capa-
bility, and stiffness adaptability). To measure the elongation,
the actuator is equipped with small black marker stickers (see
Fig. 4) and recorded with a digital camera (Sony, Alpha 7). The
videos were analysed using a computer vision algorithm that
tracks the markers. Forces were measured using a universal
testing machine (ZwickRoell Z2.5) with a 500N load cell
(ZwickRoell Xforce P, 057993).

1) Actuator elongation: Preliminary tests have shown that
actuation to 10 mm by a single actuator results in a clearly
perceptible haptic signal. According to the analytical model,
this elongation can be achieved without any external force
by applying a pressure of 15 kPa. To validate the model and
ensure its accuracy, the actuator’s elongation was measured
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using a video extensometer while incrementally increasing
the applied pressure up to 25 kPa. Fig. 4 presents the results
showing the measured elongation at a pressure in red colour
with the error deviation in the red shaded colour and the
model in blue colour. The applied pressure vs. elongation
curve increases logarithmically. Both, the measured elongation
closely aligns with the predictions from the analytical model.
The required 10 mm are in fact achieved at 15 kPa, while the
maximum applied pressure of 25kPa leads to an elongation
of 12.2mm. The observed curves display minimal deviations.
These deviations may arise from minor dimensional discrepan-
cies between the actual actuator and the geometry specified in
the model, potentially due to manual manufacturing processes.
Additionally, the deviations can be partly attributed to uncer-
tainties in measuring material properties and the elongation of
the actual actuator. The use of the Gent model, which offers
only a limited representation of material properties, may also
contribute to these discrepancies.

2) Generated forces: In addition to the required elongation
for effective signal transfer, it is essential for the actuator to
generate an adequate force that can capture the driver’s atten-
tion. To verify the model’s ability to accurately describe the
relationship between force and applied pressure, the actuator
was pressurised while restricting elongation, and the resulting
force at the top surface was measured. Fig. 5 presents the
results of this experiment (average value in the red coloured
curve with error deviation in a shaded red colour) and the
simulation (in the blue coloured curve). Both curves show a
linear relationship. The observed behaviour aligns well with
the modelled behaviour. It is worth noting that a force output
of up to 50N is considered sufficient for reliably transmitting
haptic signals while remaining below the human back’s pain
threshold [42]. This is due to the actuator’s relatively large
contact area of 26.4 cm?, which helps distribute the force and
minimise discomfort.
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Fig. 4. Results of the actuator elongation: Measured elongation of the actuator
tip over pressure compared with the computational model. Measurements of
six trials (using the same actuator in each trial) were captured by a video
extensometer with passive markers. The setup is shown in the top left.
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Fig. 5. Results of the generated forces: Force measured at the top surface
of the actuator (x-direction) over applied pressure while preventing actuator
elongation (blocked force tests). Experimental setup is shown in the top left
and tests are repeated five times, using the same actuator in each trial.

3) Adaptable stiffness: To ensure minimal driver discomfort
and imperceptibility of the actuators in the seat when inactive,
it is important to customise the stiffness of the actuators. The
stiffness can be adjusted by controlling the pressure within the
actuators when there is no actuation. To investigate this, the
resistance force against compression was measured for both
a closed tube and an open tube, where no external pressure
was applied. Fig. 6 illustrates the results of the experiments
and simulations. The pink curve represents the case of an open
valve, where air can escape from the actuator through the pipe.
The red curve corresponds to the case of a closed valve, where
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Fig. 6. Results of the adaptable stiffness: Resistance force for a deflection of
8 mm while no external pressure is applied. Open valve (pink colour), i.e.,
air can escape from the actuator. The actuator walls start to buckle at 5 mm
deflection. Closed valve (red colour), i.e., the air pressure inside the actuator
increases during loading as no air can escape from the actuation chamber. The
actuator does not collapse due to the inner pressure. Experimental setup is
shown in the top left and tests are repeated five times, using the same actuator
in each trial. The data for the seat cushion originates from Zhang et al. [46].
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the air pressure inside the actuator increases during loading as
no air can escape from the actuation chamber. The shaded area
represents the error deviation for both experimental results.
The computational results for a closed valve are presented in
blue. In the case of an open valve, the resistance force remains
below 9N. At a deflection of approximately 5 mm, indicated
by the change in slope of the linear curve, the actuator starts to
buckle. Conversely, in the case of a closed valve, the pressure
inside the actuation chamber increases during compression
loading, preventing the actuator from buckling.

Since the actuator length is smaller than the initial length [y
in this experiment, the influence of the two-way stretch fabric
was neglected in the model as described at the beginning of
Section III-C. Both the experimental and simulation deflection-
force curves show a slow exponential increase. The model,
however, overestimates the forces for a deflection of 1 to
5mm with a maximum offset of 4.17 N. One reason for this
discrepancy might be that the material properties in the model
were measured during tensile loads. In addition, the fibre
reinforcement, while mitigating the ballooning effect, does not
entirely eliminate it. This partial mitigation can lead to a minor
increase in volume, consequently resulting in reduced force
measurements for the actuator when the valve is closed.

The stiffness of the seat cushion, as quantified by Zhang
et al. [46], falls between the stiffness levels of the actuator
with a closed valve (being less stiff) and the actuator with an
open valve (being more stiff). Within the examined region,
the force-deflection curve exhibits an almost linear trend,
suggesting a consistent stiffness.

D. Rise time and frequency response

The performance of the soft actuator was characterised in
terms of its rise time and frequency response. The evalua-
tion employed an array of five infrared cameras (OptiTrack,
Prime 17W) operated via a MATLAB/Simulink framework as
described in [47]. To facilitate precise tracking, five passive
infrared markers were affixed on the top of the actuator, which
was subsequently subjected to a pressure of 20 kPa. Analysis
of the actuator’s dynamic response revealed that, for a 10 mm
elongation, the rise time from 10% to 90% was recorded at
0.127s (SD=0.0086s) across ten iterations. Similarly, the fall
time was computed using an analogous approach, resulting in a
duration of 0.241s (SD =0.0038 s). Consequently, the actuator
demonstrated a frequency response capability of 2.72 Hz.

IV. EMBEDDING SOFT ROBOTIC ACTUATORS INTO A
DRIVER SEAT

Based on the findings from Section III, a soft robotic, haptic
feedback seat based on a 2019 Land Rover Discovery Sport SE
driver seat was created. The seat has a 2 mm genuine leather
seat cover with a 8cm to 14cm foam underneath. Twelve
soft robotic actuators are embedded in the foam under the
cover. Eight actuators are located in the bottom side bolsters
and four are integrated into the back side bolsters of the seat,
as shown in Fig. 7. The side bolsters offer sufficient space
for the actuators and are less pressurised by the weight of the
driver. Also, signals in the side cushions are perceived as more
pleasant compared to signals in the bottom of the seat [30].

A. Haptic feedback areas

Fig. 7(a) illustrates the configuration of two designated
haptic feedback areas (HFA) and the location of the actuators.
HFA'1 is utilised to transmit signals in the direction of travel
(see Fig. 7 (a), x-direction), while HFA 2 serves to assist the
driver in distinguishing between the left and right sides, i.e.,
in the positive or negative y-direction. Within the bottom side
bolsters (HFA 1), there are a total of eight actuators, with four
actuators labelled LLX on the left side and four actuators
labelled LRX on the right side, where [X = 1,...,4]. To
regulate the pressure of all HFA 1 actuators, four pressure
regulators are employed. Each LLX/LRX pair of actuators
is pressurised by a single regulator. In the area HFA 2, i.e.,
signals that refer to the left or right side of the vehicle, the
two actuators on each side are pressurised by one valve each.

The two-point contact threshold which determines the spa-
tial resolution on the human skin is 40 mm for the legs and
45mm for the back [31]. A distance of 60 mm between the
centres of the actuators was chosen to guarantee the haptic area
of the seat covering a wide range of possible human body sizes
and seating positions.

Main
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Fig. 7. (a) The haptic feedback seat with twelve integrated soft pneumatic
actuators. In the area HFA 1, eight soft robots are embedded, four on each
side labelled LLX on the left and LRX with [X = 1,...,4] on the right
side. In the area HFA 2, two actuators are placed on each side. (b) The
actuators are connected to a control box with a programmable logic controller
(PLC) connected to pressure regulators. The pressure of all HFA 1 actuators is
controlled by four pressure regulators, where an LLX/LRX pair is pressurised
by one regulator. The pressure for HFA2 is controlled by another two
regulators in the same way. (c) An electrical and pneumatic circuit diagram of
the system. The PLC sets the target pressure values for the pressure regulators
by an analogue signal (yellow) and receives analogue values of the real
pressure (violet). The pressure regulators are interfaced pneumatically via an
air inlet (1), an air outlet (2) and an exhaust (3). The pneumatic functionality
of the pressure regulators is shown in the upper right corner [32].
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B. Actuation patterns

The eight actuators installed in HFA 1 are used to generate

wave-like signals within the driver seat bottom. For this
purpose, the actuators on the left and right sides are activated
for a short time, after which the next actuators are actuated.
For a wave running backwards from the driver’s point of view,
the actuator pair LR1/LL1 is actuated first until LR4/LL4
are finally actuated. When a pair is actuated, the adjacent
pairs are activated with lower pressure. For example, at the
beginning of the wave, when LR1/LL1 is actuated, the next
pair LR2/LL2 is actuated with a lower pressure too. In step
two, LR2/LL2 is then fully actuated while LRI/LL1 and
LR3/LL3 are set to the lower pressure. This results in an
overlapping wave. Overlapping waves, similar to a “stadium
wave”, are perceived as more pleasant by subjects as shown
by Petermeijer et al. [37]. A wave running in the opposite
direction of travel is supposed to give the driver the feeling
that something is coming towards them and that they need to
take control. The dynamics of the signal are used to convey
a certain urgency. In [38], Lewis et al. investigated how pulse
duration of different lengths, i.e., the time during which the
actuators are active, affects perceived urgency. They found that
a pulse duration of 150ms was able to convey the highest
urgency. With each pair actuated for 150 ms, the total time
needed for one wave is 600 ms. The actuation pressures are
chosen in accordance with the analytical model described
above. Preliminary tests showed that an elongation of 12 mm
resulted in a clear but still comfortable haptic signal. In order
to get an elongation of 12 mm, a pressure of 23.0 kPa is set as
the wave peak actuation pressure. The adjacent actuator pairs
in the wave pattern are pressured with 11.5 kPa.
HFA 2 is used to transmit signals that are intended to direct the
driver’s attention to the left or right or to inform about dangers
on the left/right side. For the control take-over requests caused
by obstacles in the direction of travel investigated in this
study, the actuators in HFA 2 are only actuated in a supportive
manner. For this purpose, the actuators are actuated at 20 kPa
for 600 ms in sync with the wave actuation of HFA 1.

C. Interfacing the array of Soft Pneumatic Actuators

The control box used to actuate the soft pneumatic actuators
inside the haptic feedback seat as well as the electrical
and pneumatic circuit diagram of the system are shown in
Figs. 7 (b) and (c). A programmable logic controller (PLC)
(Conelcom GmbH, Controllino Maxi Automation) is con-
nected via I2C-bus and an analogue output module to the
two different kinds of proportional pressure regulators used
in this study. The actuators in the bottom seat (LR1-4, LL1-
4) are operated by proportional pressure regulators of the type
VPPM (Festo, VPPM-6L-L-1-G18-0L2H-V1P-S1) for fast and
dynamic pressurisation, while the actuators in the upper part of
the seat (UR1-2, UL1-2) are actuated with smaller proportional
pressure regulators (Festo, VEAB-L-26-D2-Q4-V1-1R1). To
eliminate noise, the exhaust air connections of the VPPM
and VEAB valves are equipped with silencers (Festo, UC-1/8
or UC-QS-4H). Besides controlling the actuators, the PLC is
handling user inputs like the emergency and reset buttons. The

pneumatic and electronic parts are separately kept in a control
box to prevent any noise that could interfere with the studies.

V. EXPERIMENTAL SETUP AND PROTOCOL

Section V-A describes the driving simulator platform that
was built for this research study. Implemented driving sce-
narios for the experiments with participants are detailed in
Section V-B. A total of three experiments have been con-
ducted to assess the acceptance (separated into usefulness and
satisfaction) and usability of the haptic feedback seat (see
Section V-C and V-D). The results of all experiments are
presented in Section VI and discussed in Section VII.

A. Description of the driving simulator - experimental setup

Figure 1(a) illustrates the driving simulator setup. The
central component of the configuration is the haptic feedback
seat, featuring integrated soft actuators positioned according
to the details provided in Section IV-A. Positioned in front
of the seat are a steering wheel and foot pedals (Logitech,
G29 Driving Force). These elements, along with an emergency
button, control box, and power supplies, are all mounted to
a honeycomb optical table. Displaying the driving scenarios
is a 65-inch screen (Legamaster). To allow for participants’
individual driving preferences, the seat, screen, steering wheel,
and foot pedals can be adjusted horizontally and vertically.
For auditory immersion in the driving scenarios and audible
takeover requests, a Razer Kraken X 7.1 headset is employed.

B. Driving scenarios with take-over requests

The driving scenarios for the experiments have been de-
signed using the simulation software Beam.NG. The package
is based on the Torque Game Engine and uses Soft Body
Physics to simulate detailed driving behaviour of vehicles. The
simulations are executed on a PC with an AMD Ryzen 5 3600
processor and a Radeon RX5700 XT graphics card, delivering
a 1080p Full HD display.

All the driving scenarios are captured from the driver’s view.
The alignment of the steering wheel in the simulation mirrors
that of the physical steering wheel in the driving simulator,
achieved by adjusting the positioning of the monitor and steer-
ing wheel themselves. The duration of these scenarios varies,
ranging between 27s and 73s. To prevent participants from
anticipating impending takeover requests, a mix of shorter and
longer scenarios is employed.

At the beginning of the scenarios, the vehicle operates
in level-3 autonomy, navigating a multi-lane motorway for
between 23s to 69s as shown in Fig. 8 (a). Then, a TOR
informs the driver to take back control as a number of static
vehicles and obstacles are placed on the motorway at the end
of the scenarios to represent, e.g., a traffic jam (Fig. 8 (b)),
an accident (Fig. 8 (c)), obstacles on the road (Fig. 8 (d)),
and a police checkpoint (Fig. 8 (e)). The vehicle will require
the human participant to take over control of the vehicle (i.e.,
autonomy level 0) to successfully manage these parts of each
scenario. The take-over request is signalised using audio or
haptic feedback using the seat.
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Fig. 8. (a) Overview of the scenarios. Participants will experience driving
along a multi-lane motorway in level-3 autonomy for a duration of 23s to
69s. Then, audio or haptic feedback is given to the participant, indicating to
take over control due to (b) a traffic jam, (c) a road accident, (d) obstacles
on the road and (e) a police checkpoint.

C. Evaluation methodology of the haptic feedback seat

Through a set of questionnaires, the acceptance, which
is classified into usefulness and satisfaction, as well as the
system’s usability with regards to the haptic feedback seat is
evaluated by each participant. The assessment tools utilised in
this study include the acceptance assessment by Van der Laan
et al. [29]. On the other hand, the usability test is based on
the work by Brooke [33]. These tools were selected for their
high content validity, thoroughly discussed and supported by
Foster et al. [39].

Acceptance of the driver seat: Following the evaluation
protocol outlined by Van der Laan et al., an analysis of
driver acceptance concerning the haptic feedback seat is
undertaken. Participants are asked to provide their assess-
ment on a scale spanning from —2 to +2, both prior to
and after engaging with the driving scenarios, to determine
differences in expected and actual acceptance. These as-
sessments are termed pre- and post-measurements, respec-
tively. The feedback will help to understand if the haptic
feedback seat is (1) useful/useless, (2) pleasant/unpleasant,
(3) bad/good, (4) nice/annoying, (5) effective/superfluous,
(6) irritating/likeable, (7) assisting/worthless, (8) undesir-
able/desirable, and (9) raising alertness/sleep-inducing. Con-
clusions with regards to the usefulness are made by analysing
statements 1, 3, 5, 7, and 9 while the satisfaction is measured
through the remaining statements 2, 4, 6, and 8. Statements
3, 6, and 8 are mirrored to avoid participants answering in
patterns. Further details are provided in Appendix A.

Usability of the driver seat: To facilitate the assessment of
system usability, the study employs the System Usability Scale
as outlined in the work by Brooke. This method comprises a

set of ten questions designed to compute the System Usability
Score (SUS). In contrast to alternative systems, this score
offers insights into the degree to which the system under
examination is perceived as user-friendly. Participants express
their perspectives on usability using a Likert scale that spans
from ‘“agree”, “rather agree”, “partly agree”, “rather disagree”
to “disagree”. Appendix B includes details on the SUS ques-

tionnaire.

D. Experimental protocol

Experiment 1: The first experiment serves the purpose
of familiarising participants with the system and the tactile
sensations delivered through the haptic feedback mechanism.
Following the completion of a data privacy statement and
consent form, participants are asked to take a seat in the
driver’s chair and make necessary adjustments to ensure
comfort. To introduce them to the capabilities of the haptic
feedback, the four soft actuators located in HFA2 (UL1-2,
UR1-2) of the seat are activated four times. Each activation
persists for a duration of 1 s, with a pressure of 20 kPa applied.
Then, the pressure within each of the eight soft actuators
located in the bottom of the seat (LR1-LR4 and LLI1-LL4)
is gradually elevated to 20 kPa over a duration of 5s. This
is followed by a demonstration of the wave-like patterns that
will subsequently serve as the stimuli for Experiment 2. The
actuation lasts for a total duration of 4.8s. A description and
application of the haptic feedback seat is then provided to
the participants. They are asked to envision themselves on
the driver seat in an automated vehicle that navigates along
a highway in full autonomous mode. A scenario arises that
requires the participant to interfere and take over control of
the vehicle. This control request is initiated via the utilisation
of soft pneumatic actuators embedded within the driver seat,
offering tactile cues to signal the transfer of control. Following
these explanations, participants are tasked with responding
to the nine acceptance-related questions (pre-measurement)
formulated in accordance with Van der Laan et al. [29].

Participants are then informed about two driving scenarios,
they will experience in Experiment 2. They are briefed that
their vehicle is equipped with level-3 autonomy features.
Lane-keeping, cruise control, and the ability to autonomously
overtake other vehicles on highways are activated. An auditory
take-over request, similar to the one of a Tesla Model 3 (a
sample is included in the supplementary video), might occur
when the vehicle requires the participant to take over control
and manage a driving incident by promptly engaging the brake
pedal. A sample of the audio signal is demonstrated to famil-
iarise participants with the feedback system of commercially
available highly automated vehicles.

Experiment 2: Five driving scenarios are presented to the
participants, similar to the ones shown after the questionnaire
of Experiment 1, with the difference that the take-over request
is initiated by the soft actuators and a wave-like pattern of
the haptic feedback seat. After Experiment 2, the participants
are asked to share their feedback with regards to the same
nine questions published by Van der Laan et al. [29] (post-
measurement), in addition to the ten questions of the System
Usability Scale in the paper by Brooke [33].
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E. Participants

Twenty-one participants (8 female; 13 male) with a height
of 160 cm to 200 cm M =178.6 cm; SD=10.1 cm) and weight
of 55kg to 115 kg M =72.9kg; SD=13.8kg) participated in
this study. The participants have an average driving experience
of 11.0 years (SD=5.2years). Among the participants, four
individuals use their cars on a daily basis, while eight individ-
uals utilise their cars weekly. Additionally, three participants
indicated a monthly usage frequency. Six participants reported
driving less frequently than on a monthly basis. This study has
been approved by the UCL Research Ethics Committee (No.
17579/002).

VI. EXPERIMENTAL RESULTS
A. Acceptance of the soft robotic, haptic feedback driver seat

The acceptance results are presented in this section, divided
into the assessment of the usefulness and satisfaction. Fig. 9
shows results of the usefulness and Fig. 10 results for the
satisfaction in the form of violin plots, a combination of
a box and a kernel density plot. Pre-measurements (Exper-
iment 1) are shown in red colour and post-measurements
(Experiment 2) in blue colour. The violin sub-plots on the
right-hand side in each figure show the overall usefulness and
satisfaction, respectively. To validate the internal consistency
of the questionnaire, Cronbach’s alpha is calculated for both
acceptance components (i.e., usefulness and satisfaction) using
the statistical software package IBM SPSS.

1) Usefulness: For the five questions related to the use-
fulness of the haptic feedback seat, Cronbach’s alpha is 0.748
for the pre-measurement, which is above the threshold of 0.65.
Therefore, the questions can be considered sufficiently consis-
tent to determine the usefulness of the system. As seen in
Fig. 9, each post-measurement of usefulness-related questions
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Fig. 9. Results for the usefulness: Violin plots show the pre-measurements
(Experiment 1) in red colour and post-measurements (Experiment 2) in blue
colour. The plot on the right-hand side gives the overall usefulness. Each
post-measurement achieved a higher rating compared to the corresponding
pre-measurement.

achieved a higher rating compared to the corresponding pre-
measurement. Overall, pre-measurements resulted in a mean
rating of 1.18 (SD =0.23 for cross-question and SD =0.62 for
cross-subject), with the highest value of 1.43 (SD=0.87) for
Question 7 (Assisting) and the lowest value of 0.86 (SD =0.85)
for Question 5 (Efficient). Post-measurements on the other
hand yield in an overall rating of 1.65 (SD=0.09 for cross-
question and SD=0.50 for cross-subject), with Question 9
(Raising alertness) resulting in the highest rating (M =1.76,
SD=0.54) and Questions 5 (Efficient) and 7 (Assisting)
in the lowest rating (M =1.57, SD=0.60/SD =0.60). When
comparing pre- and post-measurements, an overall increase
of 40 % can be observed. The highest increase can be seen
for Question 5 (Efficient) with a difference of 83 % between
the pre- and post-measurements. For Question 7 (Assisting),
the lowest difference of about 10 % is noted. A Paired T-
Test shows that the difference between pre-measurement and
post-measurement ratings is statistically significant (¢£(20) =
—3.56,p = .002), as [t(20)| > tgrit(a,n).

2) Satisfaction: Cronbach’s alpha for the five questions
related to understand the satisfaction of the haptic seat in
Fig. 10 is 0.599 for the pre-measurement, which is below
the threshold of 0.65. Excluding Question 4, however, returns
a Cronbach’s alpha value of 0.665 for the pre-measurement.
Hence, the results for the satisfaction of the system is suf-
ficiently consistent to measure satisfaction with the system,
when Question 4 is excluded. To maintain comprehensiveness,
Question 4 is still illustrated in Fig. 10, but not included in the
satisfaction assessment. Similar to the results for the useful-
ness, each post-measurement of satisfaction-related questions
achieved a higher rating compared to the corresponding pre-
measurement in Fig. 9. For the pre-measurement, an overall
satisfaction mean value of 1.00 (SD=0.10) is calculated.
Question 8 (Desirable) yields the highest rating (M=1.10,
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Fig. 10. Results for the satisfaction: Violin plots show the pre-measurements
(Experiment 1) in red colour and post-measurements (Experiment 2) in blue
colour. The plot on the right-hand side gives the overall usefulness. Note:
Question 4 is removed for calculating overall satisfaction but shown for
completeness.
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SD=0.70). Question 6 (Likeable), on the other side, has
the lowest rating (M=0.90, SD=0.77). The mean overall
satisfaction rating in the post-measurement is 1.51 (SD =0.05
for cross-question and SD =0.52 for cross-subject). As for the
pre-measurement, Question 8 (Desirable) yields the best rating
after the experiment (M =1.57, SD=0.68) and Questions 6
(Likeable) has the lowest rating (M =1.48, SD=0.68). The
highest increase of 63 % in satisfaction can be seen for
Question 6 (Likeable). The lowest increase of 44 % is achieved
for Question 8 (Desirable). The increase in overall satisfaction
between the pre- and postmeasurement is 51 %. Again, a
Paired T-Test proves statistical significance for the within-
subject evaluation (£(20) = —5.78, p < .001).

B. Usability of the soft robotic, haptic feedback driver seat

The System Usability Score (SUS) rating for each partic-
ipant is shown in Fig. 11 between 0 and 100. As the initial
questionnaire asked for a rating between 1 and 5, the answers
have been transferred to a scale from 0 (worst) to 10 (best)
first: On the one hand, answers with an odd number (1, 3,
5, 7, 9) are reduced by 1 point and then multiplied by 2.5.
On the other hand, questions with an even number (2, 4, 6, 8,
10), for which 1 describes the best possible outcome and 5 the
worst, are subtracted from 5 and then multiplied by 2.5. The
new ratings were all added up for each participant, creating a
final score (the System Usability Score) between 0 and 100.
As shown in Fig. 11, two participants have given a maximum
SUS of 100. The lowest SUS value is 67.5. The soft robotic
haptic feedback seat achieved a mean SUS value of 89.67
(SD=8.81).

As the System Usability Score should not be interpreted
as an absolute measure, the results were converted into the
method proposed by Bangor et al. [44]. They performed
an evaluation based on the averaged SUS values of 974
subjects. The study resulted in a classification of the SUS
into seven categories: “worst imaginable” (SUS < 20.3), “aw-
ful” (SUS > 20.3), “poor” (SUS >35.7), “OK” (SUS > 50.9),
“good” (SUS>71.4), “excellent” (SUS>85.5), and “best
imaginable” (SUS >90.9). As summarised in Table I, 10 par-
ticipants (equivalent to 48% of all subjects) have given feed-
back classified as “best imaginable”. Another 10 participants
rated the haptic feedback seat in the categories “excellent”
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Fig. 11. Results of the System Usability Scale questionnaire rated between
0 and 100: Mean System Usability Score of 89.67 indicated in red colour.

TABLE I
CLASSIFICATION OF SUS VALUES IN ACCORDANCE WITH [44].
Classification by [44] Best imaginable | Excellent | Good | OK
Number of participants 10 4 6 1
Percentage 48% 19% 28% 5%

or “good”. The mean SUS of 89.67 represents an “excellent”
rating in accordance with Bangor et al. [44].

VII. DISCUSSION
A. Acceptance

Drawing upon the findings presented in Figs. 9 and 10,
it becomes evident that the overall average rating recorded
in Experiment 1 is at least 1 or higher. This suggests a
clear inclination among participants towards anticipating a
substantial degree of usefulness and satisfaction from the
haptic feedback seat. Furthermore, the ratings assigned by
participants to the seat after engaging in potential scenarios
during Experiment 2 indicate not only the fulfilment of these
expectations but also their surpassing.

Experiment 2 also investigated other modalities, i.e., audi-
tory feedback. To offer a comparative context for the results,
they are aligned with previous studies: In a study by Forster
et al. [39], the research explored the acceptance of a visual-
human user interface for TORs within a highly automated ve-
hicle with level-3 autonomy capabilities. The study evaluated
various self-reporting metrics to assess human-machine inter-
faces in automated driving, utilising distinct visual displays.
The authors employed the dashboard of a BMW Series 5,
wherein the visual cues were adaptations and combinations of
the signals from the commercially available BMW interface.
The outcomes of their study revealed a mean rating ranging
from 0.73 to 1.24 points for usefulness and 0.57 to 1.24 points
for satisfaction for various visual feedback.

In another study carried out by Fabienne Roche and Stefan
Brandenburg, the acceptance of various TORs in a highly
automated vehicle was explored, focusing on the integration of
combined audio-tactile cues [41]. The signals were conveyed
through vibro-tactile stimulation in the seat and a visual cue
presented directly on the virtual roadway within the simulator.
The research revealed an average rating ranging from 0.75
to 1.39 points for usefulness and 0.25 to 0.84 points for
satisfaction with their system. These ratings varied based on
factors such as handover lead time and signal urgency. It’s
worth noting that the utilisation of vibro-tactile signals in the
study might contribute to the slightly lower satisfaction scores,
despite only moderately affecting the usefulness scores.

A study by Reinmueller et al.investigated negative be-
havioural adaptation to adaptive forward collision warning
systems using a combined audio-visual signal [43]. The study
investigated whether signals adapted to the driver’s current
situational awareness have a positive effect on the acceptance
of the warning system. In line with this study, a forward col-
lision warning system was evaluated by participants through
a series of pre- and post-measurements. Perceived usefulness
decreased from 1.51 points in the pre-measurement to 0.96
points in the post-measurement. The satisfaction ratings did
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not decrease as significantly as the usefulness ratings (pre-
measurement 1.13 points, post-measurement 1.01 points). Al-
though the usefulness for the customisable warning system
with an audio-visual signal is higher in the pre-measurement
than the concept presented here, the perceived usefulness
decreases significantly after using the system.

Overall, the proposed haptic feedback driver seat achieved
higher ratings in terms of both usefulness and satisfaction
in post-measurements compared to pre-measurement results.
Also, this technology returns overall means of 1.65 and 1.51,
respectively, achieving higher ratings than related previous
studies [39], [41], [43].

B. Usability

In the evaluation of usability analysis, it is valuable to
refer to related studies within the existing literature. In fact,
the visual-human user interface created by Foster et al. [39],
introduced in the previous section, also evaluated their system
using the System Usability Scale. The study determines a SUS
value of 82.5 resulting in a ”good” rating.

In another study by Forster et al. [45], the authors inves-
tigated audio signals for TOR in highly automated vehicles.
17 participants took part in the study, in which they were
presented with generic audio signals (two high-frequency
warning tones) and voice-based audio signals, i.e., "Unclear
lane ahead, please take over soon.”. in combination with
generic audio signals. The participant’s feedback yielded a
mean SUS value of 74.5 for the system with generic audio
signals and 91.6 for combined audio signals.

Overall, the haptic feedback seat, with an average SUS score
of 89.67, surpasses the usability scores achieved by both visual
and audio feedback systems. When considering instructive
feedback as explored in the work by Foster et al. [45], the
haptic feedback seat resulted in a similar score.

VIII. CONCLUSIONS

This paper presented the design and evaluation process
of a haptic feedback driver seat. The seat, equipped with
an embedded array of soft pneumatic actuators, is capable
of informing the driver of a TOR through static mechano-
tactile haptic feedback. The evaluation process engaged 21
participants who took part in various experiments within
a driving simulator, experiencing both auditory and haptic
feedback from the seat. The outcomes of these evaluations
showed notably positive results. In pre-measurements, partic-
ipants displayed considerable acceptance levels (usefulness:
1.18 and satisfaction: 1.00), which were further amplified in
post-measurements (usefulness: 1.65 and satisfaction: 1.51).
With regards to the usability, the haptic feedback seat achieved
an average SUS score of 89.67. A comparison to similar
studies in the literature shows that a static mechano-tactile
haptic feedback seat has the potential to achieve higher ratings
with regards to technology acceptance and usability compared
to visual and audio feedback systems.

Moving forward, future work will explore several paths. One
such direction involves expanding the participant pool within a
full-size driving simulator. Additionally, there is a keen interest

in creating a haptic feedback seat that could offer personalised
and inclusive feedback to users. In fact, the proposed haptic
feedback seat, incorporating multiple embedded soft robotic
actuators, offers a diverse range of design and actuation
configurations and patterns, such as static mechano-tactile and
vibro-tactile actuation. These variables significantly expand the
potential applications of the haptic seat beyond just TORs.
For instance, one such application could involve informing
the driver about objects in the vehicle’s blind spots. This
can be achieved by specifically activating HFA2 or a similar
mechanism within the system. This capability demonstrates
the versatility and practical utility of the design in enhancing
situational awareness and safety in vehicular environments.

APPENDIX A
OVERVIEW OF THE ACCEPTANCE MODEL
BY VAN DER LAAN ET AL.

The assessment of the haptic feedback seat involved the
acceptance model by Van der Laan et al. [29], often used in the
context of evaluating vehicle interface technologies, designed
to measure two key dimensions:

o Usefulness: How beneficial the user perceives the tech-
nology.

« Satisfaction: The level of pleasure the user experiences
while using the technology.

The model involves a questionnaire with nine items with the
following interpretations:

1) Question 1 assesses the perceived utility of the system
in enhancing driving performance or assisting in driving
tasks.

2) Question 2 evaluates the emotional response of the user
to the system, focussing on the overall pleasantness of
the interaction.

3) Question 3 measures the perceived quality of the system.

4) Question 4 understands the user’s experiential satisfac-
tion with the system.

5) Question 5 determines the perceived effectiveness of the
system in contributing to driving tasks, as opposed to
being unnecessary or redundant.

6) Question 6 captures the level of irritation or frustration
experienced by the user, versus the system being agree-
able and user-friendly.

7) Question 7 evaluates whether the system is seen as
providing valuable assistance in driving or regarded as
having no useful contribution.

8) Question § reflects the user’s preference for having the
system as part of their driving experience, indicating its
desirability or lack thereof.

9) Question 9 assesses whether the seat enhances situ-
ational awareness or conversely, contributes to a de-
creased awareness.

These questions were presented in a Likert scale format,
where users rate their agreement or disagreement with state-
ments related to each of these aspects as shown in Table II.
Conclusions with regards to the usefulness are made by
analysing Questions 1, 3, 5, 7, and 9 while the satisfaction
is measured through the remaining Questions 2, 4, 6, and 8.
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TABLE II
QUESTIONNAIRE BY VAN DER LAAN ET AL. PRESENTED IN A LIKERT
SCALE FORMAT [29].

Question  The haptic feedback seat designed for TORs is...
1 useful O OOOO  useless
2 pleasant O OO OO  unpleasant
3 bad OOOOO good
4 nice OOOOO annoying
5 effective. O OO OO  superfluous
6 irritating O OOOO  likeable
7 assisting OO OOO  worthless
8 undesirable OO OO O  desirable
9 raising alertness O OO OO  sleep inducing
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