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Figure 1: Overview of the Transforcer system and design approach:

(a) the five scenarios studied, (b) a diagram of the Transforcer

prototype, (c) an excerpt of the force design space illustrating key force properties and couplings used across the scenarios,
and (d) exemplar interactions showing how participants engaged with the Transforcer through force-based actions, such as

grabbing, pushing, stroking, and pulling.
Abstract

In the physical world, the force required to interact with an object
provides rich information about its material properties and intended
use: some objects deform easily when force is applied (e.g. a pillow)
while others resist our attempts (e.g. a spring). Recent advances in
haptic technology support integrating force modalities into interac-
tive surfaces, presenting novel ways to convey material properties
and create engaging experiences. However, little is known about
how people perceive and interpret surface-based force interactions.
To address this, we designed the Transforcer, a device generating
normal, shear, and rotational forces, and studied user perceptions
in different scenarios. Our findings show that force is experienced
as a multi-layered interaction: bodily perception grounds interpre-
tation, material qualities convey intent and control, and meaningful
interactions emerge when body, task, and system align. We con-
tribute (i) a design space of surface-based force interactions; (ii) the
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design and implementation of the Transforcer; (iii) findings from a
semi-structured interview study; and (iv) design recommendations.
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1 Introduction

In the physical world, the force we apply to an object during inter-
action provides rich information about it’s material properties and
intention of use. It conveys constraints and affordances, like the two-
step feedback of a camera shutter button—lightly pressing to focus
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and firmly pressing to take a photo—compared to the purely graph-
ical and touch-based interaction of a mobile phone camera. With
recent advancements in haptic technology—including mid-air hap-
tics [8], pin-array and deformable force-feedback surfaces [26, 30],
wearable haptic suits [46] and authoring tools for haptic force feed-
back [48]—integrating force modalities within interactive systems
has opened new possibilities for conveying information and creat-
ing engaging user experiences. For example, a mobile device could
signal a private message through gentle taps or an alarm through
sharp, rhythmic knocks, allowing it to be silenced by striking the
device like a traditional two-bell clock.

Despite the potential of surface-based force modalities, it re-
mains unclear how they can encode different forms of information
and how this is interpreted and perceived by users. Research on
cross-modal correspondences has begun to investigate how de-
formable shapes relate to human senses and affect, for instance
shape-change magnitude and frequency with emotion [13], cor-
respondences with sounds [31], and associations with color and
emotion [42]. However, beyond these fundamental investigations,
how individuals interpret force-based interactions in different sce-
narios and contexts remains unexplored. Addressing this gap is
important as it could lead to more intuitive and satisfying user
experiences across various applications, from virtual reality [4] to
data visualization [55]. By better understanding how these quali-
ties can be effectively translated into technology, we can enhance
the utility and usability of force feedback in interactive systems,
in essence: How can the affordances and cues of everyday tangible
interactions inform the design of surface-based force interactions?

At a fundamental level, surface-based force interaction is inher-
ently bidirectional (in contrast to visual and auditory modalities)
increasing the complexity of constructing and understanding the
user’s experience. Force applied by a surface to a user’s finger can
be passively sensed by the user or actively resisted. The level of
participation of the user in this interaction significantly changes
their perception and interpretation of the provided feedback. The
reverse also applies when a user applies force to a surface.

Understanding this complex interaction space therefore requires
drawing on insights from multiple fields. Haptic research provides
the basis for understanding how to design and fabricate force
feedback for physical interfaces, encompassing interaction modali-
ties [11], fabrication techniques for creating passive objects with
customized haptic capabilities [e.g., 24, 50, 56], interface tools that
enable others to create haptic designs [48], and dynamic force
interaction devices, including surface-based systems such as in-
FORCE [26] and FluxTangible [19], as well as handheld VR con-
trollers [4] and shape-changing knobs [49]. Physicalization research
offers insights into encoding data through physical forms [21] and
the implications of interactions for the underlying data [35]. Finally,
shape-changing interfaces inform us about interaction directness
and the dual role of physical changes as both input and output [32].

Despite this significant and diverse study, there is no holistic
understanding of how multiple types of force feedback are perceived
and understood in surface-based force interaction. This paper aims
to fill this knowledge gap.

To explore these concepts, we synthesized a design space for
surface-based force interaction, which we call the Force Pixel de-
sign space. Just as a graphical pixel is the smallest unit of a visual
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display, a force pixel represents a fundamental unit of interactions
in a force-based system. To move beyond touch-based or purely
visual interfaces, we ground our design space in the physics of
mechanical force as a basis for interaction. Mechanical forces are
familiar through everyday physical sensation and bodily experi-
ence, making them a useful starting point for designing intuitive
force-based input and feedback.

We used this design space to inform the design of a force input
and output device—the Transforcer—capable of generating normal
force, shear force, and torsion (Figure 1). The Transforcer functions
as a single, interactive force pixel, responding directly to how users
apply these forces. This allowed us to investigate both direct interac-
tions, in which users physically manipulate the force pixel itself to
control or access digital content, and indirect interactions, in which
force output communicates system state or information without
directly manipulating the underlying content. Using this interac-
tion space, we designed five scenarios that we used as experiential
prototypes in semi-structured interviews to elicit user perceptions,
interpretations, and understandings of force interactions.

We found that force interaction is experienced as a multi-layered
phenomenon. Participants grounded their interpretations in bodily
perception, drew on the dynamic qualities of force—such as resis-
tance, directionality, and movement—to infer intent and control, and
constructed meaning through evolving mappings between force,
task, and context. Force was experienced as a relational and nego-
tiated interaction in which effective interactions emerged when
bodily, material, and conceptual layers aligned, while misalignment
required participants to actively renegotiate meaning.

To summarize, the contributions of this paper are: (i) a design
space of surface-based force interactions; (ii) the design and im-
plementation of the Transforcer; (iii) results of a semi-structured
interview study with an experiential prototype; and (iv) a series of
design takeaways for surface-based force interactions.

2 Related Work

Force-based interactions are widely studied in Haptics and HCI
literature. We specifically only cover the most relevant of this
work—that on surface-based force interaction—covering definitions,
human proprioception, devices for producing force interactions,
and human perceptions of force.

2.1 Surface-based Force Interaction

This work focuses on surface-based force interactions: both force-
input and force-feedback that occur on surfaces [e.g., 26, 30]—either
rigid or compliant areas where the user places or presses their
fingers or hand in order to interact with the force modality. This
is in contrast to other approaches to delivering force interactions
where devices are hand-held [e.g., 4, 17], attached to the body as
wearables [e.g., 1, 36] or full-body suits [e.g., 46], or operate in
mid-air [e.g., 8]. Uniquely, force interaction on surfaces differs from
many of these other approaches in that by moving the position of
the hand or finger the user is in full control of how and when force
is applied and the extent to which it is felt [30].

Force feedback is information gathered through our kinaesthetic
sensory system—the sense of position and motion of the limbs [40];
while force input uses the position and motion of limbs to provide
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input to an interactive system. Force is differentiated from pressure
in that it is a vector—it has both an magnitude and a direction—
while pressure is a scalar quantity measuring force applied over
an area (P = %, where P = Pressure, F = Force, and A = Area).
In terms of input, this makes force a more expressive (but more
complex) measure than pressure.

We can both sense and produce three core types of force: normal
force (force that is perpendicular to a surface), shear force (force that
includes a horizontal element in its applied direction) and torsional
force (twisting or rotational force around an axis) [29]. There are
numerous examples of systems that exploit these forces as an input
modality. Normal force is used for interactions on phones [18, 54]
and trackpads [33], while 2D shear has increased the input band-
width on mobile devices [16, 47]. Such interactions facilitate novel
and more expressive interactions, increasing the bandwidth of com-
munication [28]. While full shear input is possible on deformable
devices [5] it is not readily measured or applied in interaction. Ro-
tational actions are commonly used on multi-touch devices, but
few, if any, incorporate a force component.

Surface-based force feedback at the pixel level is most often seen
in shape-changing interfaces [3, 32, 43] where elements extrude
from a surface to apply normal force onto the user’s fingers or
hands. Examples of these interfaces that are explicitly designed to
apply force include inFORCE [26] and Haptic Edge Displays [20],
while data physicalizations [21] such as EMERGE [44, 45] and
ShapeClip [15] incidentally provide surface-based normal force
feedback. In contrast, the whole surface of a device can move to
apply force onto the user’s fingers (again, producing normal force),
for example TouchMover [38, 39] or KinesTouch [9] both actuate a
touchscreen to enhance interaction.

In contrast, the Transforcer was explicitly constructed as a fully-
functional artifact that would allow us to holistically explore surface-
based force interaction design. Its core novelty lies in the three types
of force the single pixel can produce—normal, shear, and rotary—
this goes beyond any of the previous surface-based force examples
in the literature that only address a single type of force feedback.

2.2 Perception of Force

The novelty of surface-based force as an interaction modality has
required researchers to engineer new hardware approaches and
interaction techniques to prototype and understand the interaction
space. The requirement to justify the use of the force modality has
almost exclusively fallen to seeking performance advantage [e.g.,
14, 28, 54], with qualitative perceptions typically following as sec-
ondary measures, leaving a significant gap in our understanding of
the perception of force.

Of the work that does address perception of force, we identified
focused studies on specific elements of force-based interactions,
for example it is recognized that force feedback from a button
press is a psychological cue that signifies action, confirmation, or
control [23, 34]. More recently, fundamental perceptual studies have
understood the cross-modal correspondences between force input
and colors and shapes [41], emotions [42], and sounds [31]. To the
best of our knowledge similar studies for force feedback have not
yet been conducted.
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Adjacent, non-surface based fields of force-based study provide
motivation for surface-based perceptual study. For example, Cap-
stanCrunch (a handheld, VR grip-based device) found that users’
paid more attention to their force when compressing an object than
when relaxing their grip [37]. While studies with Haptic Revolver,
a handheld VR haptic feedback device, found that increasing the
realism of feedback does not necessarily mean an improved user
experience [53]. EMS-based force-feedback in Mixed Reality iden-
tified the need for realistic mapping between rendered forces and
those expected in the real-world environment [25]. Finally, studies
with Elastilinks identified motor latency as a core limitation in any
motor-centric force-feedback device. This has the potential to im-
pact on user experience and perception of resulting force outputs,
especially in cases of consecutive force output [51].

Even with these studies as a starting point, there is still no holistic
understanding of users’ perceptions of force input and output and
how this changes their interpretations and interactions with force-
based interactive devices. Hence, this paper aims to address this gap
by developing knowledge and guidance for creating and engaging
with such interfaces.
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Figure 2: Force Pixel design space, including force properties
(normal, shear, and rotary force), static geometries (such as
shape, material, size, form factor, and multiplicity), and force
coupling (user-driven, dialogic, or system-guided force).

3 Force Pixel Design space

The Force Pixel design space (Figure 2) delineates key dimensions of
the smallest unit of surface-based force interaction, spanning phys-
ical properties, material configurations, and the dynamics between
user and system. It builds on prior work in force-based, tangible,
and shape-changing interaction (e.g. [12, 27, 32]), while extending
these perspectives to account specifically for surface-based force
as both an input and output modality.

The design space was developed through a synthesis of prior
literature on force-feedback and interactive physical interfaces,
combined with our own design reflections on what constitutes the
smallest meaningful unit of force interaction on a surface. As such,
it is intended as a conceptual and generative framework to guide
design and analysis, rather than an exhaustive taxonomy or fully
empirically validated model. Below, we outline the foundational
aspects that define a force pixel and guide its design. Together,
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these dimensions capture how force is generated, perceived, and
negotiated during interaction:

3.1 Force Properties

Force properties reflect recurring mechanically distinct forms of
force actuation and perception identified in prior work, which we
abstract here into three fundamental force types that can be ex-
pressed and perceived through interactive surfaces: normal [e.g.,
26], shear [e.g., 16], and rotary (torsional) force [e.g., 29]. Each
represents a distinct physical relationship between the user and
the surface, and supports different interaction possibilities. While
described here individually, these force types can also be combined,
allowing compound force expressions (e.g. normal force with simul-
taneous torsion) that expand the expressive range of force-based
interactions.

3.1.1  Normal force. Normal force involves force applied perpendic-
ular to a surface, resulting in vertical movement [e.g., 26, 29, 30]. It
supports interactions ranging from light contact to heavy pressing,
and can be used both as user input (e.g. pressing into a surface) and
system output (e.g. a surface pushing back).

3.1.2  Shear force. Shear force involves lateral movement parallel
to a surface, such as sliding or dragging [e.g., 16, 29, 52]. This force
supports interactions based on horizontal displacement, including
guided motion, texture exploration, or directional feedback. Shear
force may be user-generated, for example through deliberate slid-
ing or dragging gestures, or system-generated, where lateral force
guides or resists sideways movement.

3.1.3 Rotary (torsional) force. Rotary force introduces twisting or
rotational movement around an axis [e.g., 29]. This enables angular
interactions such as turning, steering, or resistance-based rotation,
extending force interaction beyond linear motion. Again, this can
be user-applied, such as twisting to adjust a parameter, or system-
applied, like rotational resistance or motion.

3.2 Static Geometries

Static geometries describe the physical characteristics of the inter-
active surface, including shape, size, material, form factor, and pixel
multiplicity—drawing on established physical design considera-
tions in interactive systems [e.g., 12, 27]. These properties influence
how force is applied, perceived, and interpreted, and shape users’
expectations before interaction begins. As in other physical and
tangible design spaces [e.g., 12, 27], geometry acts as a foundational
layer that constrains and enables interaction, mediating how force
properties and dynamics are experienced. For example, shape and
material affect cutaneous perception at the point of contact, while
size influences whether interaction is invited through a fingertip,
the palm, or even both hands. Form factor further situates force
interaction in relation to the body, such as when embedded in per-
sonal devices, tablets, or wearables. Finally, multiplicity shapes both
the spatial resolution of force feedback and the kinds of interactions
that become possible; it may be expressed through a single pixel,
subdivided into quadrants, or distributed across multiple pixels in a
grid (e.g. as in prior work on multi-point force interaction [26, 30]).
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3.3 Force Coupling

Force coupling describes how user-applied force and system-generated
force relate to one another over time, extending prior work that
treats force not only as input or output, but as a negotiated interac-
tion [e.g., 26, 32]. Unlike visual or auditory feedback, force inter-
action is inherently bidirectional: users act on the system through
force, while the system simultaneously responds through physical
resistance, motion, or constraint. We distinguish three forms of
coupling, which are not mutually exclusive categories but rather a
spectrum of interaction possibilities:

3.3.1 User-driven force. In user-driven interactions, force is pri-
marily applied by the user to directly accomplish a task. The system
responds, but does not actively guide or constrain the interaction
beyond basic feedback. This coupling emphasizes agency and in-
tentionality, with force acting as a means of executing a decision
or action.

3.3.2  System-guided force. In system-guided interactions, force is
primarily generated by the system to communicate information
to the user. User input may be minimal or limited to initiating
or acknowledging the interaction. Here, force acts as an output
modality, conveying state, direction, or rhythm through physical
motion or resistance.

3.3.3 Dialogic force. Between these extremes lies dialogic force in-
teraction, in which user and system reciprocally respond to one an-
other through force over time. This exchange can take place simulta-
neously, for example when both contribute force at once/contribute
to the same movement, or sequentially, when one reacts to the
other’s prior action. In these interactions, neither user nor system
fully determines the outcome alone; instead, meaning and progress
emerge through ongoing physical negotiation. Dialogic force high-
lights force as a conversational medium, where resistance, motion,
and timing form a feedback loop that evolves over time.

4 Design

We designed the Transforcer (Figure 3) as an experiential device to
explore selected dimensions of the Force Pixel design space through
direct engagement with surface-based force interactions. As no sin-
gle prototype can meaningfully instantiate the full breadth of the
design space, we deliberately scoped the Transforcer to explore
force properties and force coupling (Figure 2), while not systemati-
cally investigating static geometries. This allowed us to focus on
force interaction in a device-agnostic and exploratory way, rather
than on specific material, shape, or technological instantiations.

Its form and capabilities were therefore guided by three core
goals: (i) to generate compound force actuations based on the three
mechanical force types outlined in the design space (normal, shear,
and rotary), (ii) to support dynamic transitions between force modal-
ities over time, and (iii) to enable force interactions with varying
force couplings between user and system.

These capabilities allow the Transforcer to support user-driven,
system-guided, as well as dialogic interactions in which users al-
ternate between applying force and perceiving system-generated
force. As such, the device was designed not to represent the entire
design space, but to provide a focused platform for investigating
its mechanical and dynamic interaction qualities. The device was
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intentionally designed as a single, localized interaction surface
to foreground force as the primary interaction modality, without
relying on visual or auditory cues.

4.1 Implementation

The Transforcer (Figure 3) consists of a small platform on which
the user can place the palm of their hand. Users rest their fore-
arm on the table stand with the wrist in a neutral position, and
place their dominant hand over a 80X80mm opening covered by
a soft, stretchable fabric membrane. Interaction occurs through
this membrane, which transmits forces safely while concealing the
underlying mechanism.

Beneath the opening, three actuators generate normal, shear,
and rotational forces corresponding to the three force properties
in the design space. The magnitude and temporal behavior of each
force modality can be adjusted independently by varying actuator
amplitude and speed. All forces are within safe limits yet easily
detectable by the human hand.

4.1.1 Actuation & sensing. Mechanical force is generated using
three actuators: a 100mm linear actuator (L16-100-35-06-R) for
normal force, a 360° continuous rotation servo (900-00360) for
torsional force, and a 90° micro servo (ADA2307) coupled to a 50mm
rod to produce shear force. The actuators are vertically stacked (see
Figure 3): the linear actuator (green) sits at the base, the continuous
servo (yellow) is mounted on the linear actuator’s end effector
via the sliding platform, and a disk is mounted on top. The micro
servo (light blue) is embedded in this disk, with the rod and its
15x15mm spherical end effector attached. This configuration allows
the Transforcer to produce discrete and compound force behaviors,
as well as smooth transitions between force modalities.

User interactions are sensed using three co-located FSR sensors
(FX293X-100A-0010-L; orange) beneath the continuous servo disk.
The system continuously monitors these sensors, calculating a
combined value to represent the overall force. Deviations from this
baseline indicate user input, and by comparing the relative readings
of each sensor with the known actuator positions, the system can
infer the direction and magnitude of user-applied force. Different
scenarios and tasks define distinct thresholds for force magnitude
and direction, ensuring that actuator responses are triggered only
when the user input meets the requirements of the current behavior.

Force behaviors were informed by prior literature and refined
through pilot testing. For instance, insights from Alexander et al.
[2] guided the scale, travel distance, resistance, and contact geome-
try of the rod, ensuring feedback remained within a familiar and
comfortable range while still allowing for expressive variation.

5 Methodology

This study explored how users perceive and appropriate surface-
based force interactions across the dimensions of force proper-
ties (normal, shear, rotary force) and force coupling (user-driven,
system-guided, dialogic). We adopted an experiential, scenario-
based approach using the Transforcer device to investigate inter-
pretations, mappings, and meaning-making in force-based inter-
actions. Given the exploratory and design-oriented nature of this
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study, our goal was to elicit rich interpretations and speculative ac-
counts of novel force-based interactions (and not to assess usability
or performance).

5.1 Participants

We recruited 12 participants from three different institutions in
the United Kingdom through opportunity sampling (4 identified as
female, 8 as male) with an average age of 33 years (¢ = 8.81). Par-
ticipants were recruited from Human-Computer Interaction (HCI)
and closely related fields, with experience in interactive systems,
human-centered design, or prototyping novel interfaces. We in-
tentionally recruited domain experts rather than lay users, as we
expected them to more readily move beyond the novelty of the
Transforcer device and reflect on how different force properties and
couplings could map to broader interaction concepts, application
scenarios, and design opportunities.

Inclusion criteria required participants to have relevant expertise
in HCI or a similar area, as well as full mobility and functionality
of their dominant hand to enable interaction with the Transforcer.
Eleven participants identified as right-handed and one as ambidex-
trous; the ambidextrous participant selected one side from which
to interact during the study. For a detailed overview of participants’
demographics see Table 1.

5.2 Study Setup

Participants were seated next to the Transforcer device mounted
in a table stand, allowing for easy placement on either the right or
left side to accommodate handedness (Figure 4). During the study,
they were instructed to position their dominant hand over the
80x80mm interaction area, allowing force feedback to be perceived
through palm and fingers. The use of a fabric membrane ensured
consistent tactile contact while supporting a range of interaction
styles, from light touch to grasping and pressing. Participants wore
noise-canceling headphones. The researcher delivered instructions
through a microphone routed to the headphones to reduce the
audible hardware noise.

5.3 Scenarios

To investigate how surface-based force interactions can convey dig-
ital concepts and create engaging haptic experiences, we designed
five prescribed interaction scenarios using the Transforcer (see
Figure 5). These scenarios are not exhaustive but serve as a comple-
mentary suite of designed effects, refined by piloting, combining a
range of force-based interactions.

The five scenarios were selected not as an exhaustive set, but as a
complementary sample intended to span a meaningful range of the
design space dimensions explored in this study. Specifically, they
were chosen to cover all three force properties (normal, shear, and
rotary force) and a range of force couplings (user-driven, system-
guided, and dialogic), while keeping static geometries constant
through the use of a single prototype. This allowed us to compare
how different force dynamics were perceived without variation in
form factor, materiality, or multiplicity.

Beyond their mapping to the design space, the scenarios were
chosen to reflect a varied yet familiar set of everyday interaction
contexts. They span functional, social, and wellbeing-oriented goals,
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Figure 3: Overview of the Transforcer device.
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Table 1: Participant demographics including gender, age, job title, years of experience in HCI, and handedness. *P5 identified as
ambidextrous and chose to use their right hand during the study.

Participant Gender Age Job title Years in HCI Handedness
P1 Male 30  PhD student 2 Right-handed
P2 Female 26  Postdoctoral researcher 3 Right-handed
P3 Male 28  PhD student 3 Right-handed
P4 Male 27  Postdoctoral researcher 4 Right-handed
P5 Female 52  Associate Professor 7 Ambidextrous®
P6 Male 31  Postdoctoral researcher 3 Right-handed
P7 Female 26  Senior Research Associate 3 Right-handed
P8 Male 31  PhD student 2 Right-handed
P9 Male 42 Lecturer/Assistant Professor 5 Right-handed
P10 Female 35  Research Associate 3 Right-handed
P11 Male 25  PhD student 2 Right-handed
P12 Male 46  Lecturer/Assistant Professor 4 Right-handed

and include both analogue-inspired interactions (e.g. timekeeping

5.3.1

Time-based Interactions. User-driven interactions related to

and physical navigation) and digitally native ones (e.g. notification
management and privacy/security). This diversity was intended to
ground the exploration in situations participants could readily relate
to, while eliciting reflection on a range of force-based possibilities.

Each interaction was selected and refined based on three key
guidelines: (i) exploration of all three force modalities, (ii) bidirec-
tional nature of the interaction, and (iii) use of force as primary
feedback layer. The force modalities and couplings involved in each
scenario are visualized in Figure 5. A synopsis of each scenario is
presented below.
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managing and perceiving time, including setting timers, monitor-
ing progress, and stopping alarms. In Time-#1 the user rotates the
pixel clockwise to set the time (similar to winding a mechanical
timer), with the pixel unwinding counterclockwise as time runs
out. In Time-#2 the user pulls the pixel out of the surface to set the
duration of the timer. The pixel’s height represents the remaining
time, gradually sinking back into the surface as time progresses,
with a linear motion. As part of the two timer effects, the user can
apply force to make real-time adjustments to the remaining time:
pull/clockwise shear to add and push/counterclockwise shear to
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5
S

Figure 4: Study setup showing the researcher on the left with
alaptop controlling the Transforcer device, which is mounted
in a table stand on the right and can be placed on either side
of the participant to accommodate handedness.

reduce time. Once either timer effects reach zero, a continuous noti-
fication like an alarm (e.g. twin bell simulation) activates, signaling
that time has run out.

5.3.2  Privacy and Security. Dialogic interactions designed to make
selections and user-driven unlocking. Privacy-#1 introduces vary-
ing levels of resistance to simulate negotiation and commitment
during user selections. Affirmation (#1a) requires a single strong
push to flick the lever into position, supporting low-risks confirma-
tions. Persistence (#1b) requires sustained force across the full range
of motion, returning to its original position if released prematurely.
Friction (#1c) causes the lever to flick back and forth under light
input, requiring a stronger, continuous push to complete the action.
Avoidance (#1d) introduces evasive behaviors, such as rotation or re-
traction, preventing successful selection and emphasizing restricted
actions. Privacy-#2 simulates a combination lock by requiring users
to reproduce a demonstrated sequence of force-based gestures, com-
bining nudges, presses, and shears at specific locations. Successful
completion causes the pixel to rise through the surface, signaling
unlocked access and readiness for further interaction.

5.3.3 Mindfulness. System-guided interactions to guide breath-
ing and dialogic interactions to facilitate fidgeting. Mindfulness-#1
provides a physical breathing guide through slow vertical motion:
the pixel rises over three seconds, pauses briefly, and then yields
softly over four seconds, encouraging synchronized inhalation and
exhalation. Mindfulness-#2 requires users to maintain gentle, con-
tinuous pressure on the pixel to keep the interaction active. When
pressure is released, the interaction pauses, prompting refocus and
re-engagement.

5.3.4  Physical Navigation. System-guided interactions that pro-
vide directional cues through force without relying on visual cues.
Navigation-#1 delivers discrete directional cues through vertical
pokes in one of eight compass directions. After a nudge of the
pixel in the center, Navigation-#2 provides continuous guidance by
sliding the pixel laterally under the user’s hand towards the target
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direction, creating a sensation of being pulled. Similarly, after a
user nudge, Navigation-#3 conveys turns through slight rotational
twisting, mimicking steering; an extension introduces small bumps
during twisting to represent dynamic obstacles or deviations from
the intended path.

5.3.5 Notification Management. Dialogic and system-guided in-
teractions focused on receiving, interpreting, and dismissing no-
tifications through force. Notification-#1 communicates quantity
and urgency through a force stack: incoming notifications increase
the pixel’s height and resistance. Notifications can be dismissed
either incrementally, through a series of pushes corresponding
to their number, or all at once by knocking the stack sideways.
Notification-#2 uses vertical pulses as a baseline tactile signature
to indicate multiple notifications over time. Notification types are
differentiated through location-based cues and force patterns, com-
bining variations in position, timing, and behavior (e.g. short pokes,
slower pushes, or lateral oscillation). Notification-#3 extends this
approach with expressive force messages—such as wave (#3a), or-
bit (#3b), zigzag (#3c), and fan-like (#3d) motions—enabling richer
force-based communication.

5.4 Procedure

At the beginning of the study, participants were provided with an
information sheet outlining the study’s objectives. They had the
opportunity to ask questions before providing informed consent to
participate and providing basic demographic information. We then
presented them with the five scenarios (in randomized order) using
the Transforcer device. The scenarios were structured to investi-
gate a mix of user-driven interactions (e.g. setting the time, fill out
password, dismissing notifications), system-guided interactions (e.g.
receiving force messages or navigation cues), and dialogic inter-
actions (e.g. mindful fidgeting, negotiating selection). Participants
were introduced and guided through each scenario, experiencing
the Transforcer’s force feedback and reflecting on how these haptic
experiences conveyed information. For each scenario, context was
provided, however interactions were not named or explained, but
for the participant to figure out and explore. This was to understand
how they intuitively approached each interaction. In case partici-
pants struggled with a task, the researcher would give incremental
hints to guide them through (e.g. a hint for Time-based interactions
was ‘think about common ways you would set a timer’).

The study used a semi-structured interview format to gather
qualitative data from participants (see interview script in Appendix
B). After each task, participants were asked how the different force
modalities conveyed aspects relevant to the context of the scenario.
Participants engaged in multiple scenarios, each followed by reflec-
tive questioning to probe their perceptions and the appropriateness
of the haptic feedback used. This approach ensured that a wide
range of contexts and force properties was explored. At the end
of all scenarios, participants were given a sheet like that shown in
Figure 5 that could be used to visually guide the post discussion.
The entire study session lasted approximately one and a half hours
and afterwards participants received £15 compensation for their
time and effort.
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Figure 5: Overview of 5 scenarios: (i) Setting and adjusting time through user-driven shear rotary force (#1) or pull/push force
(#2). (ii) Making privacy- and security-related selections through dialogic shear and push interactions (#1), or performing user-
driven password unlocking through a sequence of pushes and shears (#2). (iii) Mindfulness interactions through system-guided
normal-force breathing (#1) or dialogic shear-based fidgeting (#2). (iv) Receiving navigation cues through system-guided pokes
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with a stack (#1), receiving system-guided force messages using normal force (#2), or combining force modalities for more
intricate force messages (#3). See Appendix A for an enlarged overview.

1797



Transforcers: Exploring Information Communication through Surface-based Force Interactions

5.5 Data Collection & Method of Analysis

Data collection involved audio- and video-recorded interviews, with
participants’ consent, to capture their reflections as well as hand
movements and gestures when interacting with the device. The
lead researcher transcribed all interviews.

The qualitative data from these interviews was analyzed us-
ing reflexive thematic analysis [6, 7] to identify patterns in how
force-based interactions were appropriated and interpreted across
different contexts. An initial inductive pass on a small subset of par-
ticipants (2-3 per scenario) was used to gain an overview of the data
across the five scenarios and to align both coders. Two researchers
then split the dataset and each coded half of the interviews. They
iteratively discussed and refined scenario-specific themes, which
were later synthesized into the final set of five overarching themes.

6 Findings

Force feedback was understood through the body as a primary ref-
erence system, with participants using posture, (hand) orientation,
gestures, and bodily awareness (e.g. breathing or subtle hand move-
ments caused by the force) to make sense of the feedback. They
treated force not as a neutral carrier, but as an expressive medium
whose tactile qualities shaped both what actions felt possible and
how meaning was constructed. Understanding emerged through
a combination of immediate intuitions and evolving, personally
learned mappings to familiar, metaphorical, or abstract concepts.
Force interactions were experienced as relational and negotiated,
with participants attributing varying degrees of agency, intent,
and authority to the force pixel. Beyond information, force carried
emotional and social tone, eliciting affective responses and social
interpretations that went beyond what the force physically felt
like. Participants evaluated force interaction in relation to everyday
contexts, envisioning how it would be appropriated, constrained,
or abandoned depending on situational demands. We elaborate on
these findings through five themes: (i) embodied grounding, (ii) ma-
terial expressiveness and sense-making, (iii) interaction dynamics,
(iv) affective and social readings, and (v) contextual appropriation.

6.1 Embodied Grounding

Participants consistently interpreted force in relation to their own
bodies. Meaning emerged through touch, posture, orientation, and
bodily awareness, and participants often relied on bodily demonstra-
tions to explain what the force ‘meant’. In Mindfulness-#1, upward
force was consistently mapped to inspiration and downward force
to expiration, for example by comparing upward movement to in-
creasing lung capacity (P7). Similar bodily anchoring appeared in
Notification-#2, where participants mapped force to specific fingers
or hand postures, such as assigning apps to individual fingers (P2:
‘T want my index finger to be Instagram, thumb ... Outlook™). Across
scenarios, participants used their bodies to anchor, decode, and
communicate the meaning of force feedback.

Further, this bodily grounding was scenario- or person-specific
rather than universal. Participants drew on personal habits, cultural
metaphors, and task demands to make sense of where and how
force was applied. For instance in Navigation-#1, P10 interpreted a
localized force on the palm as marking a specific location, treating
their hand as a spatial map. This mapping relied on a culturally
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learned bodily metaphor that would not be available to all partici-
pants: “I'm from Michigan (US) originally, which as a state is shaped
like a mitten. A traditional thing that we do is you will show people
your hand, and be like T'm from here [points to palm].”

Force sometimes drew participants inward, towards bodily aware-
ness (e.g. Mindfulness-#1), while in other cases it pulled atten-
tion outward toward controlling or negotiating with the device
(Mindfulness-#2). When these orientations conflicted, participants
reported frustration or confusion. As explained by P4: ‘T do this
thing called pressure points, where you tap different parts of your body
as a grounding technique. This [pixel] could be a way to have that
be purely about the sensation, without having to worry about, where
do I tap my pressure points? You can pop your palm down and the
machine starts interacting with your hand. Feeling force and pressure
and physical sensations on the body is already extremely mindful
anyways, it’s an embodying experience”. When force required active
control without offering a clear bodily reference, attention shifted
away from grounding and toward frustration: ‘T have to concentrate
quite a lot, to get it [pixel] to do what I want it to do. I guess that
keeps my mind off other things, but mostly annoyed that it’s not quite
doing what I want it to do” (P11). So, the effect of force depends on
whether bodily attention and system behavior align.

Participants reflected on the necessity to make force interactions
suited to their body, in terms of hand size, strength, and movement
patterns. Both from an accessibility standpoint, as well as a mean-
ingful resource, particularly in security contexts. In Security-#2 this
was framed as a benefit: personalized gestures and force signatures
were seen as more secure because they are tied to individual motor
capabilities and mannerisms. However, whereas personalization
could increase security, it could also tie interaction success to phys-
ical capability: “If I'm very skilled and I'm able to precisely relay the
same force pattern and position, then I've probably created a very
secure password. But if 'm not very good at that, dexterously, then
I’ll probably create one that’s very easy in terms of thresholds |[...]
Then that maybe relates to a less secure password. Unfortunately, then
you tie physical capabilities of the user to password security, which is
maybe not accessible to lots of people, is potentially an issue” (P4). So
embodied grounding enables rich, personalized meaning-making,
but it also embeds assumptions about bodies that cannot be taken
as neutral.

Taken together, these findings show that bodily grounding en-
ables force interaction to make sense—but only as long as bodily
reference, task demands, and system behavior remain aligned. This
was especially apparent in the scenarios Mindfulness and Naviga-
tion, where participants relied most directly on bodily awareness
and spatial body mapping to interpret and engage with force.

6.2 Material Expressiveness & Sense-making

Force interactions were not interpreted through material qualities
alone, but through participants’ active sense-making processes.
While properties such as resistance, directionality, and duration
shaped what actions felt possible, meaning emerged as participants
mapped these sensations to familiar concepts, practices, and expec-
tations. Material expressiveness and semantic interpretation were
therefore tightly intertwined: force became meaningful through
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how it constrained action, evoked references, and aligned with task
and context.

Participants consistently interpreted force output as commu-
nicating what actions were allowed, encouraged, or blocked. In
Security-#1, resistance clearly signaled invalid actions, as P1 noted:
Oit&elling me,l canOdothat [...] you haveto gothat wayOHere,
meaning was inferred directly from how force responded to bodily
input, grounding interpretation in immediate physical feedback
rather than abstract concepts. Similar reasoning appeared in Time-
#2, where several participants adopted an upward ‘pumping’ ges-
ture using a repeated beckoning-like motion of the index !nger,
and interpreted the resulting increase in height as a direct, one-to-
one mapping between action and system response. Although the
interaction also allowed continuous input, this more incremental
enactment was described as easier to understand than the con-
tinuous rotation used in Time-#1. Across scenarios, duration and
e"ort of force further shaped perceived possibilities: sustained in-
put force was often associated with conlrmation or commitment,
while brief or #eeting output force suggested guidance or nudg-
ing. Participants further reasoned about force using spatial (e.g.
up/down), directional (e.g. clockwise/counterclockwise), and quan-
titative structures (e.g. more pull meaning more time, or resistance
signaling an invalid action) that helped turn physical sensation into
actionable information. Across scenarios, one-to-one mappings,
where a single action corresponded clearly to a system response,
were particularly valued.

To make sense of force interactions, participants frequently re-
lied on familiar mechanical references, contemporary digital experi-
ences, and metaphors from nature. Mechanical metaphors, such as
dials, switches, or joysticks, provided immediate expectations about
range, limits, and the nature of the action, especially in more prag-
matic scenarios like Time and Security. For example, P11 compared
Security-#1a to Ooldknife switches@escribing how the required
e"ort conveyed importance and danger. Digital references could
also help decipher actions, especially when force movements re-
sembled contemporary touch interactions, such as Noti!cation-#1
reminding participants of swiping away notilcations. Natural ref-
erences were sometimes preferred, as with Time-#2: Oalockface
is a ridiculoushuman constructwhereasandseepingaway is a
representatioof time that is moreassociatedith thetides,nature,
and gravityO(P5). Force behaviors without clear analogue were
described as Oalien®r harder to grasp, drawing attention back to
the device itself rather than the task.

While similar force qualities appeared across scenarios, their
meanings shifted with context. To give some examples, in Secu-
rity, resistance and required e"ort were interpreted as seriousness,
intentionality, and safety, with force contributing to a sense of
control rather than a hindrance. As P4 explained, OlOmssociating
forcewith seriousnegs.] like big clunkingmechanisma a safeO
In Mindfulness-#2, resistance was variably experienced as ground-
ing, calming, or frustrating, depending on whether it supported
#ow or hindered #uid movement; P9 described it as Odraggin@
stickthroughsandQn Navigation, short upward pulses (#1) con-
veyed certainty and clear direction, whereas slower or continuous
movements (#2 — #3) were read as tentative guidance or gradual
orientation. The ‘bumps’ in Navigation-#3b were associated with
a car indicator (P2), turn increments in a compass (P5), reaching
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destination (P1), terrain texture (P4), and number of degrees or
times to direction (P9). In Notilcation-#2c, slow continuous up-
ward force suggested an incoming call, whereas lateral force was
interpreted as the call ending (P1) or being on silent (P2); spatial
multiplicity conveyed multiple entities or a conversation. Across
scenarios, similar force pro'les could convey di"erent meanings,
and participants often interpreted forces uniquely based on their
own prior experiences and conceptual framing.

Material expressiveness broke down when force feedback lacked
su$cient resolution, granularity, or internal consistency. In Time
Management, participants struggled to achieve precision through
continuous force alone, describing a tension between immediacy
and accuracy. Similarly, coarse or discrete force positions reduced
trust in Security-#2, as P12 explained that discrete positions felt
less secure than continuous, signature-like input. When force cues
were ambiguous or hard to di"erentiate (e.g. Security-#1d), partici-
pants expressed confusion and reduced conldence, and di$culty
interpreting or trusting the interaction.

Participants also re#tected on force as a learnable interaction lan-
guage. Some mappings felt immediately self-revealing, while others
required exploration and repetition. Familiarity reduced cognitive
e"ort, whereas unclear mappings prompted re#ection on how in-
teractions might evolve over time, much like swiping, scrolling, or
rotary dialing. P6 highlighted this generational dimension: Oifyou
showa rotary phoneto a teenagettheywill pushthe buttonsbecause
theyOvenly everseerObuttopush@heideaof slidingmotiondoesnOt
appearo them.Formy grandparentsf youshowthema smartphone,
theywantthat tactilefeelthat theyareactivelyactivatingsomethingO
Several participants noted that what feels ‘intuitive’ depends on
generational and cultural experience, suggesting that force-based
interactions are not universally legible but become meaningful
through exposure, practice, and shared conventions.

This theme was particularly visible in Time and Security, where
force was often interpreted through familiar mechanical or proce-
dural metaphors, but also in Navigation and Noti!cation, where
similar force qualities took on di"erent meanings depending on
context. Rather than carrying !xed semantics, force became mean-
ingful through how its behavior aligned with the situation at hand.

6.3 Agency & Interaction Dynamics

This theme focuses on the relationship between the user and the
pixel, emphasizing how participants experienced control, negotia-
tion, and dialogue during interactions. Across scenarios, the pixel
was rarely treated as a passive output channel. Instead, participants
described the interaction as a negotiated relationship, where control
shifted between themselves and the pixel. The pixel could guide,
resist, respond, collaborate, demand attention, or act with a sense
of agency, creating a dynamic interplay of perceived intent and
user action.

Participants often relied on familiar interaction patterns to as-
sert control. In Navigation-#2 and #3, for example, participants
appreciated being able to initiate feedback rather than having the
system act autonomously. P4 noted, Olike theagencybecausédm
the onethatOnitiating this; Oheechelp,comeonnubbin®.. Oteline
whichway to go?CG&milarly, P1 highlighted the intuitiveness of
self-initiated interaction: Odoreally like beingableto askit, to input
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somethingnto it, andthengetthat feedback®11relected on the
subtletya”orded by usercontrol: OltGscethat itDsisercontrolled.
ItOsottoointrusive becausedonly telling you directionsvhenyou
wantthemOHere,control wasempowering participantscould act
e"ectively, andthe interactionfelt collaborativeinsteadof directive.
However,when systembehaviorwasunpredictableor ambigu
ous,agencycollapsednto frustration or antagonismForinstance,
in Mindfulness-#2participantsstruggledto predictthe pixelOse-
sponsesP10remarked,OldonOhavequite asmuchcontrolas1Od
like, thatOsvherel think the biggestissueisQwhile P1observed,
Oifl knewthatOshe path it wason[...] thenmaybeit wouldhave
felt a bit nicerOThe sameambiguity could alsobe enjoyable:P7
describedt asOnohecessarilpbviousvhat IOmmeantto bedoing

[...] but itOsuite enjoyableltOs nice!dgetOand P4relected OitOs

makingmefrustrated putitOsnaybeteachingmeto beacceptingf
itQ In thesecasesparticipants@enseof control waspartial, andthe
pixelOsinpredictability allowedfor exploration,play, or relective
engagementvith the interface.

In somescenariosgontrol wassharedmoreexplicitly between
userandsystem.Forexamplejn Security-#1bP6describedhein-
teractionasOmorénteractiveike youOrerorkingtogetheto achieve
somethingratherthan the deviceactivelypreventingyou from some
thing.[...] Thisis more youOrpettingit, anditOgjoing,00kayOm
letting you dothat to meQ®aming the pixel asa collaborativepart-
nerratherthananobstacleP12similarly envisionedor Security-#2,
OifitOsnorelike holdinga penandwriting [...] andit feelsmorelike a
joystickthat doesn@®hysicallypushbackQhat it would feel more
usefuland cooperative highlighting how subtle responsiveness
would increaseperceivedagency.

Perceivedpixel autonomyalsoinluenced participants@ense
of agencyln Security-#1force feedbacksometimesonveyedhe
systemQesistanceo participantactions;P4recalledthat whenthe
pixel nudgedtheir #nger (#1b) Oitwaslike, OnaonCdoitOFraming
the pixel asan agentnot wanting them to make a decision.In
Mindfulness-#1participantsexperiencedhe pixel asboth guiding
andimposing.P6explained OifyouOrerying to forcea behaviofrom
a userllike, breathd...] this wouldbequite nice,becausé sortof
saysQinholdit to this point,andoutQéhereast couldalsoconlict
with autonomyand mindfulnessOthdactthat it decidetiowhigh it
goestheforceit appliedo you,is lesspleasanbecause.you haveto
justobeyitQ In Mindfulness-#2participantsimaginedthe pixel as
alittle creatureexploringa maze P9describeditfeelsike youOre
exploringarounda little mazeor somethinggiving a little creature
anudgeanditdgioingo" doingits ownthingOlIn theseexamples,
participantsattributedintentionality and personalityto the pixel,
blendingphysicalforcewith emotionalinterpretation.

Overall,the senseof agencyin interactionsdependedn the
alignmentbetweenparticipant expectationsthe pixelOsesponr
sivenessandfamiliar interaction patterns.When control was pre-
dictableor self-initiated,interactionswere empoweringand enjoy-
able;when ambiguousor inconsistent they couldfeelfrustrating,
confusingor playful. Experiencesf agencyweremostpronounced
in Navigation,Mindfulness,and Security,where participantsalter-
natedbetweeninitiating, following, resisting,or negotiatingwith
the pixel. This dynamichighlightedthe importanceof balancingau-
tonomy, responsivenessindlegibility, sothat the pixelOgerceived
Oagencylpportsrather than hindersinteraction.
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6.4 Alective & Social Readings

This themefocuseson how force was alsoread as socially and
emotionally expressiveraising questionsof agencywhetherforce
wasexperiencedissomethingthe pixel did, or assomethingdone
throughthe pixelby anotherperson.Thiswasespeciallyapparentin

Noti#cation Managementwhere force wasfrequently understood
asasociallyexpressiveactwith animplied senderjntent, andtone.

Acrossscenariosparticipantsdescribedorce feedbackusing
emotionallyandsociallychargedanguageRatherthan focusing
on what the forcerepresentedn aninformative way, they spoke
abouthow it felt to receiveit: asplayful, irritating, caring,unset
tling, or intrusive. In Noti#cation Managementforce was often
interpretedascarrying an emotionalundertonesimilar to ames
sageor gesturefrom anotherperson.For instance the repeated
andprotruding forcein Noti#cation-#1wascomparedo someone
persistentlytrying to getattention: Olfeelsa bit like, Oheyteylhey!O
[...] like Oyoignoredmeoncelet metry again(BecauséOgetting
morepronouncednd obvious@P10).In contrast,softer or more
exploratorymotionssuchasNoti#cation-#3bwerereadasgentler
socialapproachesOItike a gentlekind of, hello.Themovement
isnOsodirect,itOkind of curveda bit moreexploratory@P1).

The sameforce patternscould elicit very di"erent emotional
responsesiependingon their material qualities. Pace pressure,
repetition, and trajectory shapedhow intent was perceivedJit-
tery or sharpmotions(e.g.Noti#cation-#3aNavigation-#3bwere
describedas irritated or demanding,while smooth, curved, or
lighter movements(e.g.slow lateral motion in Noti#cation-#2c,
Noti#cation-#3b& #3d)were often framedasfriendly or playful.
However,similar motions could be describedvaried by di"erent
participants,for instance,P1comparedhe slow lowing motion
of Noti#cation-#3dto sendinga GIFor emoji, OitGasta fun little
movementa fun little thing that IOnsendingrouQwhereasP8had
amore negativeperceptionof that samemotion: Oldonthink, 10d
bepleasedo readthis messagflaughs].It feelslike, thereis some
sharpnesi the messagessomeoneomplainingaboutsomething®

Interestingly,forceinteractionsoften took on a socialtone even
when no explicit socialmeaningwas intended.Participantsfre-
quently describedorce asresemblingtouch, suchasstroking, tap-
ping, or poking, which introducedquestionsof intimacy andappro
priatenessln somecasesthis ledto discomfortor rejection.A slow,
repetitive lateral motion acrossthe thumb (within Noti#cation
#2c)was describedas Ocreep{nd seenas an unwantedtouch:
OYouQike, Onopep,pleasaontibuchmelike thatO@10) Another
participantremarkedthat while sucha gesturecancommunicate
tendernesr a"ection, OyouCitk!nitely donOwant it from your
bosglaughs]QP12).

Thesereactionsillustrate how intimacy canemergeunintention-
ally through force feedbackEvenwhen participantsrecognized
that the motion wasgeneratecby a device they still imagineda
senderbehindit, and evaluatedthe interaction accordingly.The
acceptabilityof forcethereforedependedot only on its physical
characteristicsput alsoon who it wasimaginedto comefrom.
Someparticipantsexplicitly di"erentiated betweenforceasa pre-
recordedsystembehaviorandforcethat might bedirectly enacted
by anotherperson.P11notedthat a gesturemight feelmore ac
ceptablaf it were clearlyandimmediatelyperformedby someone
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elseratherthan designedoy an anonymouscompany:OThigeels
like a pre-recordedtroke]...] itOsometechbroin SiliconValley
whoOdesignedhis thing, anditOstrokingme. ThatOweirdOAt the
sametime, participantsalsoidentiled playful andenjoyableaspects
of forceinteractions,suchassendingparticular force patternsto
friends.P10suggestedleliberatelysendingand unsettlingmotion
to friendsasajoke, acknowledgingboth its creepinesandhumor.
Theseresponsesuggesthat force feedbackcansupportavocab
ulary of socialand emotionalexpressionput that this is highly
context-dependenand sensitiveto tone, relation,and expectation.

Overall,this themeshowsthat force feedbacks not only inter-
pretedthrough bodily or conceptuaimappingsbut alsothrough
a"ective andsocialreadings Especiallyin the Notilcation Man-
agementscenarioparticipantstreatedforce asaform of touch-like
communication,where imaginedintent and sendermatteredas
muchasthe signalitself.

6.5 Contextual Adaptation & Appropriation

This themecaptureshow force-basednteractions!t into everyday
contextsand how participantslearned,adaptedandappropriated
it over time. Participantsre#ectedon how force comparego vi-
sual,auditory, andvibrotactile feedbackhow it supportsdi“erent
forms of interaction,and how its suitability dependson context,
application,andintegration.

Participantsoften describedorceasmorevisceral,immediate,
andmemorablehan visualor auditory feedbackparticularly when
other sensesvere alreadyoccupiedor when socialdiscretionmat-
tered.Forcewasfrequently characterizedasharderto ignore, elic-
iting anembodied-esponseaatherthan requiring deliberatecog
nitive processingAs P8explained haptic sensatiorpromptedan
immediatebodily reactionthat Ofeltike something shouldpay at-
tentiontoQwhereasvisualinformation couldbe moreeasily!ltered
or ignored.At the sametime, participantsemphasizedhat this
attention-demandingquality madeforce both more discreteand
moreintrusive, dependingon context.Comparedo a short OdingO
or Obuzz@rcefeedbacknvolved OmorgoingonGandcouldfeel
lesssubtle(P9).Additionally, participantsnotedthat forcerequires
intentional touch to be perceivedwhich limits its usefulnessn
situationswhere handsare alreadybusy.

As participantsbecamdamiliar with the systemthey movedbe-
yond single-!nger tapping and appropriatedforce through arange
of bodily interactions,including pinching, grabbing,placingthe
palmto Olisten@ndengagingboth hands Theseinteraction styles
emergedgraduallyandwere shapedoy how forcewasembedded
in the surface P6describechow concealinghe actuatedpixel in-
vited them to shift from cautious!ngertip explorationto more
whole-handengagementOwiththe previousone[task] | wastrying
to goat it with onelnger, andnow|Oniike, O1Ogoingto usemore
of my hand,IOngonnagrabitOl think by trying to hideit [pixel]
in there,itOsortof inviting youto comewith itQ Participantsalso
emphasizedhat force-basednteraction felt more consequential
than tapping,asphysicalinterferencecoulddirectly interrupt or
resistsystembehavior.P4describedhis asa clearsenseof cause
ande"ect: Otheomparisowouldbe,somebody@eartbeatsonthe
screerand| justtouchedhe screenthatOmconsequentialVhereas
this hasconsequenckegrabbedt andit stopped]...] Or sometimes

1801

SauvZetal.

whenmy handwasin theway, it [pixel] wouldstop,and! wouldlift
my hand,andit wouldcarry onOBeyondcon!rmation, forcewas
alsoseenasaway to guideinteraction,for examplesteeringthe
thumb towardsatargetratherthan just signalingsuccessr failure.

Participantsconsistentlyidentiled Navigationand Mindfulness
asparticularly suitableapplicationsfor force-basednteraction, of-
ten describingthem as more embodiedor physicalactivities. In
thesecontexts force supportedeyes-frednteractionandreduced
relianceon visual or auditory attention, for exampleby subtly
guiding direction without requiring usersto look at a screenOne
participantnotedthat this couldhelp avoidbecominga Ophonzom
bieQwhile walking (P9).Forcewasalsoseenaspotentially valuable
in safety-critical,high-noise,or low-visibility environments.At
the sametime, participantsemphasizedhat not all tasksbene!ted
equallyfrom force.Activities suchastime tracking were described
asremainingvisually dominated and someparticipantsraisedcorn-
cernsaroundaccessibilityandtactile skill in securitycontexts,as
well asthe socialimplicationsof force-basedhoti!cations.

Envisioningbeyondthe studyscenariosparticipantsemphasized
that force-basednteraction works bestwhen tightly integrated
into specilc contextsrather than appliedgenerically.Tailoredinte-
grationinto tools or devicesalreadyheldNsuchassteeringwheel,
glovesor controllersNwasdescribedismoreconvincinganduseful
than forceaddedto a general-purposesmartphone(P12) Personal
ization wasdescribedasimportant aswell, particularly in relation
to hand size,!nger strength,and force thresholds.Participants
emphasizedhat successfuadoptionof force-basednteractionde-
pendson how intuitively it canbelearnedandappropriatedacross
di"erent userscontexts,and abilities. Forinstance P7proposed
startingwith a small,localizedforce-basealement,suchasabot-
tom baron aphone,to supporteverydaytrial andlearningwithout
overwhelmingusers.More broadly, participantsre#ectedon force
asafundamentallydi"erent communicationchannelfrom visual
or auditory modalities:OW&ommunicatéhroughvisual drawings,
written languageor auditoryinformation.[...] ButwedonOteally
communicat¢éhroughtouchonthat generakcalewe navigatethe
worldthroughtouch.[...] Soto receivet, it wouldbea newlanguage.
SotheyOdeally haveto beintuitive, andyouOtiaveto align it with
that sortoflibrary ofinformationQP3) While participantssawforce
asarich andexpressivanteraction channel they alsodescribedt
asintroducing a Onevianguage®f touch that requirescarefulde-
signto feelintuitive andsafe especiallywhen force canphysically
override userintent and when accountingfor di"erencesacross
cultures,generationsandabilities.

This themeof contextuallt surfacedmostclearlyin Navigation
andMindfulnesswhich participantsoften describedasparticularly
compatiblewith force-basednteraction,but wasalsoevidentin
Time, Security,and Notilcation, wherethe limits of forcebecame
morevisible. Togetherthesescenarioshowthat the valueof force
dependsot only on what it canexpressput on when,where,and
for whomit is introduced.

6.6 Summary

Acrossembodiedyrounding,materialexpressivenesspappingand
sense-makingandinteractiondynamics participantsengagednost
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electively with forcefeedbaclkwhen bodily, material,andconcep
tual referencepoints aligned.Forcemadesensenot becausany
singlelayerwasintuitive on its own, but becausé¢heselayersre-
inforced eachother, through a delicatebalanceof bodily intuition,
materialresponseand conceptuakxpectationsMisalignment,am-
biguity, or contradictionbetweenlayerscould reduceinterpretabil-
ity, requiring participantsto negotiatemeaningactivelyratherthan
passivelyperceiveit. Bodily grounding providesa foundation,but
meaningcanfall if expectationsare unmet; materialexpressiveness
constrainsactionbut doesnot guaranteaunderstandinggonceptual
mappingsareconstructedhrough use yetremainhighly individual
andtask-dependentSocialandcontextualfactorsfurther shapethis
experiencehighlighting that force interactionis a multi-layered
processshapedby context,prior experienceandbodily capability.

7 Discussion

Here we discusshow surface-basedbrce interactionsare inter-
pretedandappropriatedby users addressinghe researchguestion:
Howcanthealordancesand cuesof everydaytangibleinteractions
inform the desigrof surface-basefrceinteractions?\Ve position
surface-basedbrce not asa universalinput-output mechanism,
but asa consequentiallearnable,and context-sensitiveinterac
tion modality which meaningemergeghrough bodily engagement,
contextualgrounding,andsocialinterpretation. Drawing on our
"ndings, we synthesizeconceptuainsightsanddesignimplications
that focuson interpretationandappropriationof forceinteractions,
andarticulatewhat this impliesfor future designandresearch.

7.1 Force asa Multi-layered, Consequential
Modality

Our "ndings suggesthat surface-basetbrceinteractionsarein-
herently multi-layeredand consequentialUnlike visual or audi
tory feedbackforceis experiencedhrough bodily sensatiorand
physicalconsequencanakinginterpretationinseparabldrom ac
tion. While this study deliberatelyfocusedon forcein isolationN
minimizing auditory andvisualfeedbacko allow closeattentionto
force-basednteractionNour"ndings nonethelessevealhow force
is interpretedthrough multiple, interdependentayers.Bodily sern
sation,materialbehavior,conceptualmapping,andcontextwerein-
separablen participants@nterpretations,evenwhen forcewasthe
primary feedbackchannel.This suggestshat surface-baseébrce
interaction designis di#cult to understandasa single-modality
problem.Ratherthe multi-layeredrelationsobservechere point
towardsfuture opportunitiesto exploremultisensoryor multidi-
rectionalinteraction approachesin which forceis intentionally
coordinatedwith touch,sound,vision, and proprioceptivecues.

Prior work hasemphasizedhe layerednature of haptic expert
encesForinstance Dalsgaarcet al. [10 O$nference-DesigiModel
describeshow haptic interaction unfolds through layeredinfer-
encesacrosssensationjnterpretation,and meaning-makingOur
"ndings resonatestrongly with this view, while extendingit by
showinghow surface-basetbrceintroducesa particularly conse
quentialform of inference:usersnot only interpret force but must
physically negotiatewith it, making misalignmentsbetweenlayers
immediatelyfelt and di#cult to ignore.

1802

DIS ©26]une13D172026 SingaporeSingapore

7.2 Personalization and Context-Dependence

While our Transforcerdevicewasintentionally exploratoryand

constrainedNfeaturing singleforce pixel andarelatively bulky

form factorNthesdimitations helpedsurfaceimportant insights

aboutpersonalizatiorand context-dependencé&orinstance partic-

ipants@nteractionswereshapedy handsize strength,andhow the

forcepixel relatedspatiallyto their grip or posture.Systemsuchas

DeFormIQ[3( andHydroHaptics[29 demonstratehow forceand

deformationcanbeembeddedcrosdiverseform factors,including

smartphonesinteractivedisplays,controllers,wearablesand soft

objects While theseworks focusprimarily on technicalexpressiv-
ity andintegration,our study complementgshemby foregrounding

how usersinterpret and appropriateforcein situ, highlighting the

importanceof tailoring not only form factor but alsoforce qualities,
mappingsandsocialmeaning.

7.3 Learning, Mapping, and Interpretive
Variability
Our "ndings indicatethat force interaction knowledgeemerged
through exploration.Participantslearnedhow to interpret anden-
gagewith forcethrough repeatednteraction,experimentationand
adjustmentand mappedthesesensationgo familiar conceptsin
this senseforce appearedo function asalearnableand negotiable
interactionlanguagewith meaningtaking shapethrough useand
interactionovertime.

This emphasison explorationresonatesvith recentworks such
asShape-Kif57 which explicitly addressethe gapbetweenthe
exploratory nature of haptic designand challengesof technical
reproducibility. By providing modular building blocksfor force
andshapeactuation,Shape-Kitenableglesignersaandresearchers
to iteratively exploremappings,body locations,and interaction
qualitiesthrough hands-onexperimentation.Our "ndings simi-
larly suggesthat supportingiterative explorationis essentiafor
meaningfulforceinteraction design giventhe absencef asingle,
universallyintuitive mappingbetweenforce anddigital concepts.

Participants@terpretationsalsorevealecthe variety of distance
that canexistbetweenforce quality andtheir conceptuaimappings.
Familiar referencescould comefrom a variety of sourcessuch
asmechanicalcontemporarydigital, or natural conceptswhich
would provide somerecognitionandintroduce pre-emptiveexpee
tations.However,then connectingtheseto the interaction context
introducedan additionalinterpretive layer. Whenthis connection
wasambiguousor misaligned participantsexpressedonfusionor
frustration, highlighting how breakdownsn mappingcandisrupt
learningand sense-making.

While our "ndings highlight strong person-speci“dnterpreta
tions of force,future work couldinvestigatewhich forcecuesmight
be generalizecacrossusers.ldentifying commonperceptualpat
ternsor sharedmappingscould help establisha more standardized
vocabularyfor surface-baseébrce,supportingdesignguidelines
that balancepersonalizatiorwith broaderapplicability.

7.4 Alective and Social Alordances of Force

Prior work hasarguedthat touch comingfrom hapticdevicescan
beexperiencedsinappropriateor intrusive [22. Our "ndings re-
inforce this concernwhile alsoillustrating how force canconvey
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alective andsocialmeaningwhen carefully situated.Participants
were highly sensitiveto subtleforce qualitiesNsuchasijitteriness
or smoothnessNwhichvereinterpretedasemotionalor socialcues
rather than purely mechanicahbrtifacts.As Jewittet al. [29 argue,
designingOtouchechnologiesé@quiresdemocratizedexploration
and innovation than replication of existing (digital) touch prac
tices.Our work alignswith this stance suggestinghat force-based
interactionsneedto not rely on one-to-onemappingsand exist
ing structures but caninsteadsupportpersonalizedand culturally
situatedforms of feedback.

7.5 Takeaways for Designing Surface-Based
Force Interactions

Surface-basefbrceinteractionsareinherently multi-layered,inte-
grating bodily, material,conceptualandsocialdimensionsDesign
ing for this modality thereforerequiresa holistic approachrather
than one-size-"ts-allsolutions. Toolkits such as Shape-Kit[57]
lower barriersto exploratory haptic designby enablingmodular
experimentationwith forceanddevelopmentsuchasHydroHap-
tics [29 illustrate how high resolutiondeformableforceinterac
tions can augmentexisting systems.Importantly, surface-based
force showsparticular advantagesn taskswith strongphysicalor
embodiedcomponentsin safety-criticalsituations,or when con
ventionalsensorychannelsarelimited. Basedn our "ndings, we
highlight severalguiding considerations:

(2) Interpret force holistically acrosslayers: Forceis inter-
pretedsimultaneouslythrough the body, materialqualities,
conceptuamappingsandwithin context.Misalignmentbe-
tween theselayers can reduceinterpretability or engage
ment,while alignmentcanmakeinteractionsintuitive and
meaningful.Forexample a smoothresistantpushon a navi-
gationinterfacecanclearlyindicatedirection or boundary.

(2) Personalize physical and conceptual experience: Users
diler in handsize strength,dexterity,andhow they perceive
conceptssuchasurgency,importance,or socialtone. Tailor-
ing forcefeedbacko both physicalcapability (e.g."nger vs.
palm)andinterpretive experiencge.g.gentlevs.demanding
force)enhancessability.

(3) Context and device matter : Forceworks bestwheninte-
gratedinto speci"ccontextsor toolsNsuchasgloves steering
wheelsor controllersNratherthan appliedgenericallyacross
devicesTaskswith strongphysicalor embodiedccomponents
(e.g.navigation,mindfulness)ikely bene"t mostfrom force,
while digitally orientedor visually dominatedtasks(e.gtime
tracking) are often betterservedby traditional modalities.

(4) Support learning through familiar metaphors and ex-
ploration : Forcemappingsare not universallyintuitive, so
familiar mechanicaldigital, or natural analogieq(e.g.dial
resistanceswiping motions,sandseepingaway)canhelp
usersinterpret force, while iterative explorationNsuchas
pinching, grabbing,or engagingmuiltiple "ngersNallows
themto appropriatethis tactile languageovertime. Grad
ual introduction supportslearningacrossgenerationaland
cultural di'erences.
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(5) Account for agency and control : Forceis inherently bidi-
rectional and consequentialphysicalinterferencecanin-
terrupt or resistsystembehavior,creatinga clearsenseof
cause-and-electMisalignmentbetweenuserintent andsys
temresponsecancausefrustration, while predictable user-
initiated interactionsfosterengagementThis is particularly
relevantin navigationor security-criticaltasks.

(6) Harness alective and social meaning deliberately : Force
cancarry emotionalandsocialcues.Smooth slow motions
wereoftenperceivedascalmor friendly, while jittery, abrupt
motionsfelt agitatedor demanding Thesecuescanenrich
digital communication suchasmessagingr videocalls,but
interpretation dependsheavily on contextandrelationship.

(7) Useforce judiciously : Forceis attention-demandingand
physically consequentiallt is mostelective in scenarios
whereit addsclearvalue,suchassafety-criticaloperations,
low-vision interaction,or contextswhere soundwould be
inappropriate.Continuousor genericapplicationcanpoten
tially feelintrusive or fatiguing.

7.6 Limitations and Future Work

Our prototypeandstudywereconstrainedn severalays.First,the
Transforcerfeaturesa singleforce pixel in arelatively bulky form
factor, unlike personaldevicessuchasphonesor tablets.While this
allowedusto exploreforceinteractionsin isolation andwithout
constraintsfrom existing form factors,it limits generalizabilityto
multi-pixel or compactinterfaces Futurework would berequired
to investigatehow multiple force pixels cancooperateto create
richer hapticexperiencesThestudyalsofocusedorimarily onforce
feedbackminimizing complementaryauditory and visual cues;
exploring multisensoryintegration could revealhow surface-based
forceinteractswith other modalitiesin interactivesystems.

Secondpur empiricalexplorationcoveredonly a subsetof the
proposediesignspaceTheprototypeandstudyallowedusto solely
investigatethe dimensionsof ForcePropertiesand ForceCoupling.
This scopingwasintentional,allowing usto focuson the mechanics
anddynamicsof forcein a device-agnosti@nd exploratoryway,
butit alsolimits how broadlythe "ndings canbegeneralizedacross
possibleinstantiationsof force-basednterfaces.

Third, participantswere recruited basedon their expertisein
HCI andinteractive systemgo supportre#tectiveengagementvith
unfamiliar forceinteractions While appropriatefor this exploratory
study, this may alsohaveshapedhe "ndings towardsmore specu
lative or design-orientecperspectivesindmay not fully re#ecthow
non-expertor everydayuserswould experienceandinterpret such
interactions.Futurework shouldthereforeexaminesurface-based
force interactionswith broaderparticipant groupsandin more
situatedcontextsof use.

Finally,the prototypewaslimited in the rangeandtuning of force
output,including depth,strength,andsubtletyof movementwhich
may havein#uencedparticipants@nterpretationsand use.Future
work shouldexplorehigher-resolutionactuationto further develop
andextendthe designspaceof surface-basetbrceinteractions.
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8 Conclusion

This paperexploredhow the alordancesand cuesof everydaytan-
gibleinteractionscaninform the designof surface-basetbrceinter-
actions.Thisprovidesthe"rst steptowardsaholisticunderstanding
of how usersperceiveandinterpret force input and output, and

how theseperceptionsshapeinteractionswith force-basedievices.
We introducedthe ForcePixeldesignspacewhich conceptualizes

the smallestunit of force interaction and groundsdesignin the
physicalpropertiesof mechanicaforceandhow it is interpretedby
users Building on this framework,we developedhe Transforcer
device capableof generatingnormal, shearandrotary forcesto
supportuser-driven system-guidedanddialogicforceinteractions.
Through semi-structurednterviews across've experientialsce
narios,we found that forceis interpretedthrough multiple inter-
dependentayersNbodilysensationmaterialbehavior,conceptual
mapping,and (social)contextNandthat meaningemergeghrough
explorationand negotiation.Basedn theseinsights,we proposed
designtakeaway®mphasizinghow forcefeedbacks moste!ective
when holistic, personalizedand contextuallygrounded While not
universally applicablejit providesa unique channelto enhance
digital interactionswith tangible,bodily, and sociallymeaningful
experiencesOur ForcePixel designspaceandscenariosllustrate
the potential of this modality and serveasa foundationfor future
investigationsin designingsurface-baseébrceinteractions.Ulti-
mately,surface-basetbrceinteractionsopenup new possibilities
for designinginterfaceswhere meaningemergeghrough active
physicalnegotiation,creatingrich, embodiedandsociallynuanced

experienceshat go beyondconventionalinput-output paradigms.
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