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Figure 1: HapticPipette is a technique for seamlessly capturing the complex compliance response, a key factor of the perceived
softness of real-world objects in MR environments. (a) Powered by an integrated setup and egocentric force-displacement
measurement, (b) the user can easily capture the non-linear force-displacement response by touching the object. (c) This
captured curve can then be applied to objects in MR to define their haptic behavior.

Abstract
Haptic feedback is essential in creating immersive mixed-reality
(MR) experiences. Yet, specifying the haptic properties of virtual
objects remains challenging, particularly when capturing the nu-
anced, non-linear force-displacement behavior that contributes to
perceived softness. We present HapticPipette, a technique for seam-
lessly capturing the complex force-displacement characteristics of
physical objects in real-time MR experiences. We contribute a mo-
bile and finger-worn setup that allows users to capture the haptic
characteristics with familiar finger movements while freely moving
inside a room in MR experiences. Results from two user studies
confirm that HapticPipette accurately captures force-displacement
curves of diverse soft materials and that users find HapticPipette
easy to learn and perform. Three example applications demonstrate
how HapticPipette seamlessly integrates haptic capture into MR
workflows.
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1 Introduction
Softness is a pervasive quality in our everyday environment. We
sit on soft cushions, sleep on soft bedding, grip soft handlebars,
wear soft clothing, cuddle plush toys, and walk on soft grass. Even
the human body itself is soft. Compliance is a critical factor in
determining perceived softness [47], and is physically expressed as
the force-displacement response, the relationship between the force
applied to a surface and its resulting displacement [1, 16]. Objects
exhibit a wide range of compliance profiles and thus substantially
contribute to the realistic and distinctive haptic experiences [16, 37]
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that shape our physical interactions with the world. Our goal is
to help bring this haptic richness into MR environments, where
tactile feedback is becoming increasingly important. Specifically,
we aim to enable designers to easily and rapidly integrate nuanced
compliance responses into virtual objects.

However, designing an object’s perceived compliance response
remains a significant challenge. While compliance can be broadly
categorized along a spectrum from soft to rigid, many objects exhibit
complex tactile behaviors. For example, the perceived compliance
may change non-linearly with applied pressure, sometimes even in-
volving abrupt transitions. Additionally, hysteresis effects—where
the sensation differs between pressing and releasing—are very com-
mon. This nuanced behavior makes it difficult to manually define an
object’s compliance profile from scratch. Direct capture and assign-
ment of force-displacement responses offers a solution, yet existing
methods often rely on linear approximations [14, 26], discarding
distinctive non-linear and hysteresis behaviors. Furthermore, none
of them present a mobile, finger-worn setup compatible with natu-
ral MR hand interaction. This requires switching between external
tools and the conventional MR experience, impeding seamless hap-
tic design—a bottleneck we aim to resolve.

To address this, we draw inspiration from two familiar paradigms:
pipetting in the physical world and copy-and-paste interactions in
graphical user interfaces. Both involve capturing a complex item
through a simple gesture and reapplying it in a new context. Simi-
larly, we aim for a method for easily capturing the nuanced com-
pliance response of real-world objects for designing virtual haptic
properties in MR environments.

We present HapticPipette, a mobile, finger-centric technique for
seamlessly capturing the complex compliance response of physical
objects for use in MR experiences (Figure 1). In this capture interac-
tion, the user measures the compliance properties of a real-world
object by touching it at any desired point. This action immediately
generates a graphical element in the MR environment that rep-
resents the captured compliance response. It can be applied to a
virtual or physical object in the scene to define its haptic character-
istics, to be later rendered with any existing compliance rendering
method (the latter is outside the scope of our contribution).

HapticPipette is based on three key technical contributions: First,
we present a set of interaction techniques that allow users to seam-
lessly capture an object’s force-displacement curve, integrated into
existing MR workflows. Second, we contribute a mobile and finger-
worn setup that supports all interactions directly through the user’s
finger, while supporting existing touch interactions with virtual
and physical objects. It allows the user to freely move in a 3D
space and start interactions with their familiar finger wherever they
want, instead of using complex and tethered haptic tools. Third,
we contribute egocentric force-displacement measurement, the first
technique for capturing non-linear force-displacement curves of
real-world objects in a fully wearable setup, by tactile exploration.
It employs a finger-worn capacitive force sensor and a head-worn
egocentric RGB-D camera. Leveraging visual-inertial odometry, it
accurately tracks object displacement under applied force, despite
inevitable body motion and unpredictable soft-object deformation.

Results of a user study revealed that (1) the proposed egocentric
force-displacement measurement approach successfully captured
the overall shape of the non-linear force-displacement curves of

11 different materials that exhibit strong non-linearity and elastic
hysteresis, and (2) the proposed HapticPipette interaction has high
usability. In three applications, we demonstrate how HapticPipette
enables end-users and designers of MR environments to seamlessly
capture the haptic characteristics of objects and surfaces in MR,
including (1) designing the haptic response of virtual objects, (2)
augmenting the haptic response of real-world objects, and (3) shar-
ing haptic properties between remote users.

In summary, this paper makes the following contributions:

• The concept of HapticPipette, a technique that allows users to
seamlessly capture the compliance characteristics of objects
in real-timeMR experiences, using simple and familiar finger
movements.

• Egocentric force-displacement measurement to capture non-
linear force-displacement curves of real-world objects in a
wearable setup.

• Results from two user studies confirming HapticPipette can
accurately capture force-displacement curves of soft objects
with a highly usable interaction.

• Example applications demonstrating how HapticPipette can
enhance MR experiences.

2 Related Work
Our work builds on the intersection of two areas: haptic design and
force-displacement measurement.

2.1 Haptic Design and Capture for MR
experiences

Designing haptic experiences is a very complex task as it requires
extensive knowledge of hardware, software, and human percep-
tion [13, 30, 35]. To make haptic design easier, various haptic design
tools have been proposed. They allow users to create a new haptic
pattern from low-level parameters (e.g., amplitude, frequency, and
spatiotemporal movement) [7, 10, 25, 32, 34, 43], provide support for
editing existing haptic patterns [12, 31], allow designers to trigger a
haptic pattern in response to a specific event [31], to build a library
of haptic patterns [11], or to generate a vibration signal from a text
description using emerging text-to-vibration models [39]. Despite
this richness of features, in the task of designing haptic properties
for virtual objects in MR experiences, the user has to first create or
assign haptic patterns to virtual objects on these desktop GUI-based
tools and then test them in an MR setup. This discrepancy between
haptic design tools and MR experiences requires haptic designers
to frequently switch between a desktop and an HMD during design
iterations.

For rapid prototyping of haptic patterns, in-situ VR haptic design
methods based on user-defined cues have been proposed. These
allow for designing and testing haptic patterns directly in a VR
scene. Degraen and Fruchard et al. [5] proposed designing tempo-
ral patterns for a hand-held haptic feedback device through the
user’s vocalization. Sung et al. [40] designed spatiotemporal haptic
patterns for the whole hand based on the user’s spatial input and
the hand’s posture. While these approaches enabled rapid haptic
design, the users have to create haptic patterns from scratch based
on the user’s imagination of a virtual object, still making it difficult
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to design complex haptic characteristics that correspond to the
properties of real-world objects.

Due to this di�culty, some research works have aimed to di-
rectly capture the haptic characteristics of a real-world object. This
idea has been investigated for several haptic characteristics, such
as surface textures [4, 6, 17, 26, 41], linear force-displacement re-
sponse [14, 26], friction [ 4], tapping [4], and vibration [24]. None
of them have presented a mobile and �nger-worn device setup to
enable end-users to achieve capture haptic responses in a single
MR environment, which impedes a seamless haptic design in MR
experiences. To address this issue, we o�er an integrated MR envi-
ronment and a capture interaction technique to seamlessly conduct
haptic capture from real-world objects with a �nger-worn haptic in-
terface compatible with existing �nger gestures used in commercial
head-mounted displays.

2.2 Approaches to Force-Displacement
Measurement

A force-displacement curve is the relationship of the surface's dis-
placement to the force applied to the surface. It is one of the funda-
mental haptic characteristics of an object and one of the primary
factors of softness sensation, aside from tactile cues [47].

A real-world object has a characteristic non-linear force-displacement
curve that depends on its haptic characteristics, such as linear, con-
vex, concave, or a mixture of multiple functions [2, 15, 16]. These
various non-linear force-displacement curves provide realistic and
distinctive compliance characteristics of virtual surfaces [16, 37].
Notably, the shape of the curve can be di�erent for pressing and
releasing cycles due to hysteresis. These unique and non-linear be-
haviors make it di�cult for the user to design a force-displacement
response from scratch, leading to a demand for directly measuring
a force-displacement response from a real-world object.

Traditionally, the force-displacement measurement has been
conducted with a grounded setup comprising a force sensor and
a probe that records the applied force and resulting displacement
when an object is compressed, utilizing setups such as robotic
arms [18, 26, 29, 33], motorized linear stages [1, 2, 28], or custom-
built benchtop apparatus [3, 21]. While these setups enable the
precise measurement of a force-displacement curve, their grounded
and bulky form factors prevent mobile use. To enhance mobility,
some researchers have proposed a handheld setup for measuring
the object's sti�ness [36, 38]. However, they only measured the
linearly approximated force-displacement response and were still
tethered to an external grounded computer. Vision-based tactile
sensors, such as GelSight [48], capture high-resolution surface ge-
ometry and estimate contact forces via the deformation of an in-
ternal elastomer. However, these sensors are inherently limited to
measuring microscopic surface deformation and cannot track the
global surface displacement required to measure the macroscopic
force-displacement behavior of soft objects.

Extending upon this body of prior work, we contribute the �rst
system to conduct the non-linear force-displacement measurement
with a fully wearable setup.

3 The HapticPipette Interaction
HapticPipette allows the user to capture compliance characteristics
of real-world objects with interactions that are seamlessly inte-
grated in the MR experience. We have designed these interactions
and the corresponding interactive system with three key goals:

Integrated MR Environment for Haptic Capture. HapticPipette
seamlessly integrates haptic capture of real-world objects in an inte-
grated and consistent MR experience. It frees users from switching
between devices and interfaces, as required in existing approaches
that separate haptic capture of real-world objects from MR design.

Mobile and Finger-Worn Interface. HapticPipette o�ers a
mobile and �nger-worn setup that achieves the capture interaction
while naturally supporting existing �nger-based interactions with
virtual and physical objects. We implemented these interactions
with a �nger-worn capacitive force sensor (SingleTact), a head-worn
RGB-D camera (Sterereolabs ZED), and an MR head-mounted dis-
play (Meta Quest 3, applications built with Unity), all commercially
available. The mobile setup allows the user to move freely inside a
room or across rooms, and to interact with any object or surface in
the environment. This frees the user from restrictions associated
with common immobile or tethered setups for haptic capture, such
as benchtop measurement devices for capturing force-displacement
curves [1].

Finger-Based Interaction. HapticPipette enables users to in-
teract with both physical and virtual objects using their familiar
�ngers as a uni�ed medium. Through natural exploration of an
object's surface, users can intuitively measure its haptic properties.
At the same time, they can directly manipulate virtual objects using
standard MR �nger gestures.

In the capture interaction, the user performs a physical interac-
tion to measure the force-displacement response of a real-world
object or surface (see Figure 2a-1). The user �rst activates the cap-
ture interaction by pinching with the non-dominant hand (a-2).
While keeping this pinch gesture, the user conducts the capture by
slowly pressing and releasing a target real-world object with the
index �nger of the dominant hand (a-3). This can be done once, or
successively multiple times. The system automatically keeps record-
ing a time-synchronized series of force values from the �nger-worn
force sensor and corresponding displacement values from the head-
worn RGB-D camera, which capture the extent to which the object
is indented under the applied force. The capture is �nished by end-
ing the pinch gesture (a-4). The raw recorded data is immediately
converted to a force-displacement curve and is visualized as a new
haptic material in the MR environment. The captured haptic mate-
rials are saved in the library and are always accessible to the user.
At the start of any recording, the camera additionally retrieves a
cropped RGB image of the target object, which serves as a visual
icon representing the haptic material in the library.

As a supplementary interaction, the user can assign a haptic
material to a virtual object in the MR environment. The user drags
a haptic material appearing after the capture or from the library
(Figure 2b-1) and drops it on a virtual object or a de�ned area on a
physical object in the MR environment (b-2, b-3). Expert users can
further expand the icon, inspect the force-displacement curve, and
�ne-tune the curve by scaling the curve shape on the displacement
axis with the slider (b-4).
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