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Abstract

In this paper, we simulate a lifelike interaction with deformable bodies in virtual reality (VR) and provide force haptic feedback.
Our method achieves physically compelling responses and stable feedback, which are essential for natural interaction with
soft virtual components. Existing systems often suffer from instability or latency and rely on rigid body or primitive soft body
models, which limit their application. We present a real-time VR framework that employs Extended Position Based Dynamics
(XPBD) to enable deformable body simulation alongside stable haptic feedback. In our scenes, the proposed system achieves
up to 96.3 FPS visual rendering on the VR system’s head-mounted display (HMD) while maintaining stability without frame
loss or lag. Designed for lightweight deployment on consumer-grade hardware, our implementation integrates a haptic glove
to capture finger motion and deliver multi-point tactile feedback. The simulation uses a unified solver that incorporates a set
of position-based constraints and accounts for haptic force feedback. Our method supports scenes of up to 500k vertices and
requires no external tracking, relying solely on the HMD and controllers for positional input. We conducted a user study in
which participants interacted with the system and rated deformations and haptic feedback. Results showed the visuals and the
haptic responses were convincing and plausible. We demonstrate that our framework enables immersive, stable, deformable
body interaction with synchronised visual and haptic feedback, supporting applications in medical simulation, physical skill
training, and entertainment.

Keywords Virtual reality (VR) - Haptic - Deformable body simulation - Extended position-based dynamics (XPBD)

1 Introduction elastic behaviour of deformable materials [34]. Deformable
body simulations offer more realistic interactions but are

Deformable bodies play a vital role in everyday real-world  still limited in practice because of their computational cost

interaction, whether manipulating textiles, biological tissues,
or flexible components in manufacturing settings. While
immersive technologies such as virtual reality (VR) continue
to advance, various applications such as medical training,
industrial simulation, and gaming, increasingly demand nat-
ural interaction with deformable virtual elements [2]. Due to
their simplicity and ease of implementation, rigid body inter-
actions remain dominant in VR, as most systems rely on rigid
body dynamics for manipulation. However, rigid bodies are
only sufficient for basic interactions and fail to capture the
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[11]. Moreover, the mathematical complexity of such simu-
lations, particularly in real-time scenarios, poses a significant
challenge, and the addition of force haptic feedback further
constrains computational speed [32].

Nonetheless, in VR applications, tactile and force feed-
back are essential for creating believable virtual interactions,
as haptic forces combined with visual input enhance presence
and make deformable body manipulation feel compelling.
However, delivering stable haptic feedback with low latency
during deformable body interaction remains largely unex-
plored due to mismatches update rates between visual and
haptic rendering, aggravated by the high computational
demands of deformation simulations. Addressing these tech-
nical issues is important to maintain immersion in VR
experiences.

In this paper, we propose a novel real-time framework
that enables stable simulation and believable deformable
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Fig.1 User interacting with a deformable liver model in VR using an HMD headset and a force-based wearable haptic glove. The system delivers
real-time visual rendering and haptic force feedback, enabling the user to perceive soft tissue deformation and haptic force during manipulation

body manipulation with tactile haptic feedback in VR (see
Fig. 1). Our method provides synchronised visual and hap-
tic feedback at low latency by employing Extended Position
Based Dynamics (XPBD) [21]. This constraint-based simu-
lation method enables computing particle positions directly
instead of calculating velocities and subsequently updating
positions, offering a controllable and physically compelling
interaction. This configuration enables timely tactile feed-
back via a wearable haptic glove while maintaining immer-
sive visuals. The deformable body simulation is driven by
a constraint-based scheme, where contact handling is used
to compute haptic forces that are transmitted to the glove in
real-time. By aligning visual and tactile feedback, the sys-
tem enables users to physically feel what they see, enhancing
realism and immersion during interaction with deformable
virtual objects.

This work makes the following contributions:

e A real-time framework for visual and haptic interaction
with deformable objects in VR using XPBD.

e A set of geometric constraints is formulated to compute
and deliver haptic feedback via a wearable device.

e A deployable implementation in Unity3D that operates
on consumer-grade hardware without external tracking
systems, where we validated our system through a user
study.

2 Related work

In this section, we review the relevant literature in two main
areas: Deformable body simulation and haptic rendering
techniques. For a comprehensive overview of deformable
body simulation, we refer the reader to the excellent survey
by Zhang et al. [42]. Moreover, for haptic rendering tech-
niques, we direct readers to the detailed review presented in
[18, 36].

2.1 Deformable body simulation

Physics-based simulation of soft deformable materials remains
acore challenge for interactive graphics and immersive appli-
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cations. Finite Element Methods (FEM) have been widely
used to model non-linear elastic behaviour in medical sim-
ulation and robotics [12, 19]. In soft robotics, real-time
control of deformable systems using FEM was demonstrated
by Duriez et al. [6], and later extended to surgical training
scenarios, including cataract simulation [5]. To address the
limitations related to mesh quality, Chen et al. [4] introduced
a mesh-free FEM formulation more tolerant to topological
changes and distortion. Despite these advances, FEM-based
methods remain computationally demanding [40]. An alter-
native technique is the Material Point Method (MPM), which
combines Lagrangian particles with an Eulerian background
grid to simulate large deformation dynamics. Since its intro-
duction to Computer Graphics [38], MPM has been adopted
for handling challenging scenarios involving severe fre-
quent topological change. Extensions to the method have
introduced a range of plasticity models to support realistic
material behaviour [10]. While the use of implicit inte-
gration schemes is used to offer improved stability under
larger time steps, they also give rise to large non-linear sys-
tems that are computationally intensive to solve [16]. Recent
work in physics-based animation has increasingly prioritised
robustness, stability, and computational efficiency over strict
physical realism, particularly in applications requiring inter-
active performance. Therefore, mass-spring models (MSMs)
are commonly adopted in interactive scenarios due to their
simplicity and speed. However, MSMs exhibit limited energy
conservation and lack accurate correspondence with stress—s-
train relationships, reducing their fidelity in simulation [37].

Position-based approaches then came to introduce an easy
and efficient solver for real-time and interactive applications.
Shape matching [27] simplifies deformation by aligning par-
ticles with their goal configurations, but is limited in its ability
to preserve volume. Position Based Dynamics (PBD) [28]
improves simulation stability by directly enforcing positional
constraints, allowing large time steps and avoiding force
integration. Macklin et al. [21] introduced XPBD, a com-
pliant constraint formulation that enhances stability while
enabling physically plausible deformation under interactive
manipulation. Later, XPBD Small Steps [22] reduces the
simulation step size by dividing it by the iteration count
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in order to improve the convergence of the core algorithm.
Recently, GPU-accelerated implementations [33] have fur-
ther extended the scalability of position-based methods, and
their integration into game engines such as Unity3D has been
demonstrated [24].

In this work, we employ XPBD as the core simula-
tion engine for its balance between control, efficiency,
and visually compelling deformation. Although XPBD is
increasingly used for visual simulation, its application to sta-
ble haptic feedback in VR remains untackled. This work
addresses that gap by integrating XPBD into a real-time
visual and force haptic interaction framework.

2.2 Hapticrendering

Haptic interaction enables users to perceive force, material
properties, and shape during virtual object manipulation. In
VR systems, natural hand-based input is typically captured
through kinematics-based methods using controllers, gloves,
or tracking systems [20, 41]. These devices stream real-time
data such as position, orientation, and joint angles, which
are used to trigger interaction events in the virtual environ-
ment [43]. While vibrotactile feedback is widely adopted due
to its low cost and ease of integration [13, 23], it lacks the
capacity to convey sustained or directional forces. Force feed-
back systems address this limitation by providing mechanical
resistance, enabling more realistic and physically driven
interactions. To support such realism, force feedback devices
must transmit continuous force information that respond to
user input in real-time. Recent advances include wearable
solutions with multi-degree-of-freedom actuation designed
for fine motor control. For example, Batik et al. [1] and
Kudry et al. [15] developed haptic systems capable of sup-
porting precise manipulation tasks, while Lim et al. [17]
showed that force feedback can enhance user performance
during tool-based interactions. Central to the functionality
of these systems is collision detection. Although detect-
ing rigid-body contacts is well-established, interactions with
deformable objects are more complex due to continuous
changes in geometry during manipulation [24]. Guoxin et al.
[7] approached this challenge by framing collision detection
as a geometry-constrained optimisation problem, enabling
robust contact handling. Similarly, Mesit et al. [25] proposed
a multilayer spring-boundary model that accounts for both
external and self-collisions, and Yang et al. [39] introduced a
hybrid framework combining Lagrangian particles and Eule-
rian grids to improve efficiency in contact simulation [8].
Our system integrates a wearable haptic input with a
deformable simulation pipeline to enable real-time visual-
haptic interaction. Contact with deformable virtual objects is
detected using a geometry-based collision model that contin-
uously adapts to changes in object shape. Various constraints
are formulated and incorporated into the XPBD solver. These

constraints simultaneously drive mesh deformation and are
used to compute force feedback signals rendered through the
haptic glove. This tight coupling between visual and haptic
responses allows users to perceive resistance during interac-
tion with deformable bodies.

3 Overview

We present a framework for simulating visual and hap-
tic interactions with deformable bodies in real-time using
Extended Position Based Dynamics (XPBD) [21] while inte-
grating force-based wearable haptic gloves. XPBD extends
traditional PBD by introducing constraint compliance,
enabling the simulation of soft body behaviour with improved
physical fidelity, especially under stiff constraints or large
time steps. These properties make XPBD well-suited for
applications requiring haptic feedback. In our framework,
we employ XPBD to model deformable bodies as particle-
based systems governed by constraints, including stretching,
volume preservation, shape matching, strain and bend-
ing. Constraints are enforced using a Gauss—Seidel solver,
with per-constraint compliance parameters and accumulated
Lagrange multipliers. This compliant formulation leads to
well-defined estimates of constraint forces, enabling plausi-
ble force feedback and robust stiffness control. Additionally,
structuring the particle system with tetrahedral elements
allows for lifelike volumetric deformation. In our framework,
users interact with the simulated deformable body using a
WEART TouchDIVER G1 haptic glove [35], which provides
position input to the simulation and receives force feedback
in return. The system computes interaction forces based on
the constraint response of particles, and delivers this feedback
in real-time to enhance the realism of the manipulation. The
deformed configuration of the particle system is then used
to update the high-resolution surface mesh, enabling com-
pelling representation of the soft body. Tetrahedral meshes
are generated from the surface meshes using the external tool
TetGen [31], where tetrahedral are used for simulation. The
surface mesh is updated continuously during the simulation
toreflect real-time deformation and the final visual rendering.
A schematic overview of the system pipeline is shown in
Fig. 2, illustrating the flow of data between user input, the
XPBD simulation core and haptic feedback computation, in
which this integration of XPBD with real-time haptic and
graphical feedback supports intuitive and plausible interac-
tion with deformable objects in immersive environments.

4 Deformable body simulation

We simulate deformable objects as tetrahedral meshes that
consist of particles, constrained by geometric relationships.
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Fig.2 Illustrates the integration
of an HMD (VR headset) and a
wearable force haptic glove. Our
system captures deformation
and collisions, with force
calculations enabling haptic
feedback in real-time, where
volumetric meshes are
generated for deformable bodies
simulation using the XPBD
scheme
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To ensure stability and realism under varying simulation
rates, while maintaining responsive haptic interaction during
deformation, we adopt XPBD, which enhances traditional
PBD by incorporating a well-defined concept of elastic
potential energy. In general, constraints are functions of posi-
tion and orientation variables, linear and angular velocities,
and their derivatives. They impose kinematic restrictions in
the form of equations, equalities, and inequalities that con-
strain the relative motion of bodies. The aim of using these
constraints is to model both the internal behaviour of the
simulated body and its interactions with external contacts
and forces.

In XPBD [21], each constraint is associated with a com-
pliance parameter ¢ > 0, which defines the material’s
flexibility. The vector p represents the positions of a set of
n particles, and C;(p) is a function that represents the j’th
constraint among a set of constraints that work on the par-
ticles. Unlike regular PBD, which directly adjusts particle
positions based on a stiffness value, XPBD computes force-
driven Lagrange multipliers (X j) for each constraint, at every
iteration, that guide more physically accurate particle posi-
tion updates. For a detailed introduction of PBD, we refer the
reader to Miiller et al. [28].

The core of the XPBD technique is captured by the fol-
lowing equation, which updates the Lagrange multiplier A ;
for each constraint:

AL = —Cip) — )k,
TV eieMIVe; ()T + @)

ey

where M is a diagonal matrix of which the diagonal entries
represent the particle masses and VC;(p) is the gradient of
the constraint C; evaluated at the current predicted particle
positions p. To account for the time discretisation used in the
simulation, XPBD introduces a scaled compliance term &,
defined as:

y o
RN

@
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where At is the time step size and «; introduces a phys-
ically meaningful interpretation of stiffness, decoupling it
from solver settings and enabling consistent behaviour across
varying time steps and iteration counts. Furthermore, the
accumulated multiplier A ; serves as an estimate of the inter-
nal constraint force, which we use to drive haptic feedback.

In XPBD, constraint corrections are applied in position
space using the following update rule:

Ap=M"'VC;(p)TAx;. (3)

Thus, Ap is the position correction for the particles involved
in constraint C, and AA; is the Lagrange multiplier update
for the constraint, as defined above.

The particle position prediction p for the next time step of
the simulation is then modified by A(p):

p < p-+ Ap. 4)

Moreover, damping is incorporated via a Rayleigh dissi-
pation model:

Adamp = —BVC(P)V, Q)

where B is the time-step-scaled damping parameter and v the
particle velocity. The total constraint force is then:

A = Aelastic + )\damps (6)

where Aejasic = —@ 1V C i (p). Therefore, & ; is ablock diag-
onal compliance matrix corresponding to the inverse of the
stiffness constants.

We summarise the XPBD simulation process for a
deformable body in Algorithm 1.

4.1 Stretch constraint
To model tension and compression behaviour in elastic mate-

rials, we use stretch constraints that resist changes in edge
length. Stretch constraints enforce a target distance between



VR-Deform: real-time visual and haptic interaction with deformable...

Page50f16 346

Algorithm 1 XPBD Simulation for Deformable Body

1: for each particle i do

2: Initialise: X; < Xg, V; < Vo, w; < 1/m;
30 Vi < Vi+Ar-w; - fgravity(xi)

4: end for

5: while simulating do

6:  for each particle i do

7

8

Predict position: p; <« X; + At v; + At w; -
end for
Initialise multipliers Ag <— 0
10:  Perform collision detection using X; , v;
11:  Generate constraints from current predicted positions
12:  for each solver iteration do

fext (xi)

X2 00

13: for each constraint C; do

14: Compute AL ; and update Aj using Eq. 1

15: Apply posmon correction Ap to related particles using Eq.3
and Eq.4

16: end for

17:  end for

18:  for each particle i do

19: Update: x; < p;

20: Update: v; < (p; — x;)/At
21:  end for

22: end while

two particles. Given current particle positions p; and p3, and
lp representing the rest length associated to a stretch con-
straint Cggretch, the constraint is defined as:

Cstreten(P1, P2) = [Ip1 — p2ll — lo. N

Denote by Vp, Cstretch (P1, P2) the gradient of the constraint
restricted to the coordinates of particle p;, for i € {1,2}.
Then we have

P1 — P2
Vp, Cstreteh (P1, P2) = m (8)
vpz Cstretch (P1, P2) = _vpl Cstretch (P15 P2)- C)

Using XPBD, the constraint update step results in the fol-
lowing Lagrange multiplier increment:

Adgtretch = —Cistretch (P1, P2) — UstretchAstretch ’ (10)

w1 + w2 + Astretch

where Agyerch 1S the Lagrange multiplier associated with the
stretch constraint, and dgech 1S the compliance of the con-
straint. We then apply the position correction to the two
particles:

Ap1 = —wi Alstretch Vi Cstretch (P15 P2), (11)
Apy = w2 Adgyretch Vi, Cstreteh (P15 P2), (12)

where w1 and w, are the inverse masses for particles p; and
P2, respectively. Thus:

— QstretchAstretch

—(lp1 —p2ll — lo)
w1 + w2 + Astretch

AL = (13)

Ap;1 = —wi-Al-n (14)

Apy =+wy-Ax-n (15)

n is the normal.

4.2 Tetrahedral volume constraint

To model volumetric elasticity and resist uniform compres-
sion and expansion, we use volume constraints. Volume
constraints ensure that deformable elements, such as soft
tissues, do not collapse or expand unnaturally during sim-
ulation, thus minimising volume loss. Consider a tetrahedral
element defined by the current position of the particles
P1, P2, P3, P4. The signed volume of the tetrahedron is given
by:

[(P2 — p1) x (p3 — P1)] - (P4 — P1). (16)

O\I>—*

Let Vj denote the rest volume. Then, the volume constraint
is defined as:

Cvol(p1, P2, P3,p4) =V — V. (17

Where V. Cyo denotes the gradient of the constraint with
respect to particle p;, for i € {1, 2, 3, 4}. The gradients are
given by:

—

Vi Cvot = ¢ [(P2 = P3) x (4 = p3)]. (18)
Vp,Crol = é [(3 —p1) x (ps —p1)]. (19)
Vp; Cvol = é [(P1 —p2) x (P4 — P2)], (20)
VpsCrol = é [(P2 —p1) x (P3 — PD]- 1)

Based on the XPBD formulation, the Lagrange multiplier
update is computed as:

_C ) ) ) —a )"
Adl = vol(P1, P25 P3, P4) — &yol V017 22)

) -
Zi:l wj ”Vp,- Cvol”2 + Qyol

where A, is the Lagrange multiplier associated with the
volume constraint, and Qyo] = Oyol /h2 is the scaled com-
pliance. Therefore, the position updates for each particle are
then given by:

Ap; = —wj - Ahyol - Vp, Cyol,  © €{1,2,3,4}, (23)
where the position correction moves each particle in the
direction that reduces the volume constraint violation, scaled
by the inverse mass and the local gradient contribution.

@ Springer



346 Page6of16

M. Zhou et al.

Q
g '
® o ® 50

Fig.3 Anillustration of shape matching: The initial shape x; is aligned
to the target shape p; via rotation R and translation t to produce the
goal shape g;

4.3 Dihedral bending constraint

To model resistance to folding and changes in curvature, we
use dihedral bending constraints. These constraints help keep
the angles between connected triangles consistent. For a tri-
angle made of particles p1, p2, and p3, and a fourth particle
P4 that forms a bending quad, we calculate the rest distance
R, from p4 to the centre of the triangle. Therefore, we can
define bending constraints as:

Cbend(P1, P2, P3, P4) = arccos(ny - mp) — ¢, 24)

where n; and n, are the unit normals of the adjacent trian-
gles (p1, p2, p3) and (p1, P2, P4), respectively, and ¢ is the
rest (initial) dihedral angle between them. The arccos is the
inverse function of the cosine function.

The constraint function can also be expressed in terms of
cross products:

< (P2 — p1) x (p3 —PpP1)

arccos

(P2 — p1) x (p3 — PVl
(P2 —p1) X (P4 —p1) )_
(P2 — p1) x (pa — po)Il

The gradient of this constraint with respect to each particle
position can be derived analytically, as shown in Appendix
A of [28]. Then, to project this constraint using XPBD, we
then compute AX and the position correction Ap; for each
particle according to Eqs. 1 and 3, respectively.

4.4 Shape matching constraint

To model elastic strain energy and global shape preservation,
we use shape matching constraints. These constraints are
defined within our framework to enforce a rigid transforma-
tion between the rest configuration and the current particles’
positions (see Fig. 3).

Given two sets of points, x; and p;, our objective is to find
the rotation matrix R and translation vectors t and ty that

@ Springer

minimise the following expression:

D wiR(xi — to) +t —pi)?, (25)

where w; denotes the weight associated with each point,
and the optimal translation vectors correspond to the cen-
tres of mass of the rest shape ¢ and the deformed shape c¢»,
respectively. The optimal choices for ty and t can de derived
to be Y m;ix;/y ;m; and Y, m;p;/ Y_; m;, respectively,
relatively straightforwardly. We then find R by first find-
ing a matrix A substituted in place of R, that we allow to
be any linear transformation (not necessarily a rotation one)
that maps the rest configuration of a particle system to its
deformed state, see [27] for more details. This yields the
optimal choice.

A= (Z mi (1 = e2)(x; - C1)T)>
-1
(Z mi (i = e - c1>T)) (26)

Thus, the goal position is then computed as follows: The
polar decomposition of matrix A yields the rotation matrix
R, and the target position is given by:

g = ¢ + R —cp). (27
Therefore, we can define the shape matching constraints as:

Cmatching(Pi) = Pi — &i (28)

The corrections are applied using XPBD’s projection equa-
tions Eqgs. 1 and 3.

4.5 Tetrahedral strain constraint

To model continuum elastic behaviour and shear defor-
mation, we use tetrahedral strain constraints based on the
Green—Lagrange strain tensor within our framework. These
constraints are suitable for soft body modelling and we
applied them to triangles and tetrahedral meshes. The strain
constraints model elastic deformation, where a tetrahedron
is defined by four particles p1, p2, p3, p4. This constraint
involves all four particles and can drive the configuration
to a state in which the components of Green’s strain tensor
assume given values [26]. This can be formulated in terms
of the positions of the four particles adjacent to the tetrahe-
dron. We define the matrix Dy, Which contains the edge
vectors from p; to the other points in the undeformed state
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Fig. 4 Tetrahedral strain constraint illustrated on undeformed (black,
left) and deformed (green, right) configurations. The constraint oper-
ates on four particles py, p2, p3, p4, capturing elastic deformation via

Green’s strain tensor. For strain calculation, p; and p/ are assumed to
be at the origin

(rest). Since translation does not contribute to strain, we can
assume that p; and p/ are zero. See Fig. 4.

Drest = [p2. P3, P4l (29)

and the deformed shape matrix is defined as:

Der = [P5, P3. P41, (30)

where p}, p). P, p; are the particles’ positions after defor-
mation.

We calculate the current deformation gradient F of the
tetrahedron in terms of Dger and Dy as follows:

F = DyerD;! (31)

rest?

while the Green—Lagrange strain tensor can be expressed as:
G=FF-1, (32)

where I is the identity matrix. An energy based potential is
derived from G and measures the nonlinear strain, captur-
ing both stretching and shearing constraints. Therefore, we
define individual constraint functions based on the compo-
nents of the strain tensor S = FTF. The diagonal entries G;;
represent stretch, while the off-diagonal entries G;; = G;
correspond to shear. Then, the stretch constraints are defined
as follows:

Cotreten (P15 P2, P3, P4) = Sii —s7, i €{1,2,3},  (33)
where s; is the rest stretch. The shear constraints correspond
to the off-diagonal components, which can be defined as:
Cshear(pl’pZa p37p4)=slj5 l?] S {172? 3}51 <ja (34)
where j is the corresponding axis index. The shear con-
straints can be decoupled from the stretch constraints. For

more details on how strain constraint is adjusted to the XPBD
formulation, see [3]. Both shape matching and tetrahedral

strain constraints can be utilised for soft-body modelling.
Shape matching constraints aim to preserve the overall form
by approximating a rigid body transformation. In contrast,
tetrahedral strain constraints prioritise the physical plausi-
bility of deformations at the element level.

5 Force haptic feedback

In this section, we discuss how we formulate force-based
haptic feedback using XPBD within our framework.

5.1 Haptic device

Haptic technology enables users to interact with virtual
environments through tactile sensations, typically delivered
through vibrations or force feedback [29, 30]. While stan-
dard VR controllers often rely on vibrotactile cues triggered
by collisions or discrete events, these lack the capacity to
convey continuous or directional force information [9, 14].
In contrast, wearable force haptic systems such as haptic
gloves provide multimodal feedback, including force, vibro-
tactile, and thermal cues, allowing users to perceive pressure,
texture, and temperature during interaction. In our frame-
work, we employ the WEART TouchDIVER G1 haptic glove
[35] (which we will refer to as the WEART Glove) as an
input device to deliver force feedback during deformable
body manipulation (see Fig. 2). The glove transmits force
cues via modular fingertip actuators, which can be configured
according to task requirements. Its lightweight three-finger
design provides a balance between functionality and comfort.
Unlike bulkier systems such as the HaptX glove or station-
ary devices like the Phantom Premium, the WEART Glove
offers a compact, wireless, and wearable solution that sup-
ports natural interaction in VR environments.

The WEART Glove captures the movements of the user’s
individual three fingers through integrated motion sensors.
It also tracks hand and wrist positions in space and trans-
mits real-time joint position and orientation data to Unity
via the WEART SDK. This data drives a virtual hand model
in real-time, ensuring spatial alignment between the physi-
cal hand and its virtual counterpart. A common approach to
calculate the haptic force for driving haptic actuators in con-
tact interactions is the penalty-based formulation, in which
the system computes a contact point ¢ on the object’s sur-
face, the local outward normal n, and a penetration depth
pd = max(0, —(Pfinger — ¢) - m). The restoring force is
then approximated to F = k - pd - n, where £ is a stiffness
coefficient. In mechanotactile rendering, where the actuator
delivers a scalar pressure rather than a directional force, the
magnitude & - pd is mapped to the actuator input range.

@ Springer
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Fig.5 The WEART Glove drives the virtual hand, while contact inter-
actions between the fingers and deformable bodies are handled within
the XPBD solver. The resulting interaction forces are computed and
transmitted back to the glove to provide haptic feedback

5.2 Haptic feedback force integration

To integrate haptic force computation into the XPBD frame-
work, we derive the haptic signal directly from the Lagrange
multipliers A ; accumulated by the XPBD solver during con-
straint projection. The A; encodes the magnitude of the
constraint force that maintains the geometric invariant of con-
straint j under the current deformation. Rather than explicitly
computing contact geometry or tuning a stiffness coefficient
k, we read A; directly from the XPBD solver, which natu-
rally encodes the material’s nonlinear, position-dependent
resistance to deformation. We aggregate the volume and
tetrahedral strain multipliers ):}/ )A»f over all tetrahedra via
inverse-distance weighting relative to the grasp centre. Con-
tact constraint multipliers A€ are additionally incorporated,
producing a normalised scalar in [0, 1] that is dispatched
to the WEART TouchDIVER’s actuator. This renders force
feedback that mirrors the magnitude of resistance imposed
by the virtual material (see Fig. 5).

The proposed system supports multiple interaction modal-
ities, including grasping and poking. When a pinch gesture
is detected, the reference positions {x;ef} of all particles are
cached, and particle positions are prescribed to follow the
hand displacement each frame:

Xj < Xj-ef + APhand (35)

After external forces are applied and predicted positions
X; are estimated, the contact set is defined as:

v ) if grasping 36)
{l : ”Xl - pﬁnger” < r} otherwise

N(r)Z{

For each particle i € N'(r), a contact constraint is gener-
ated:

Ci(x) =% — Pfingerll — 7 = 0 37

@ Springer

The XPBD solver resolves each contact constraint:

—C; — ak;
Arp = — (38)
IVCill=/m + &
AA; X; —
A% = =ve, ve = S P (39)
m IX; — Pfinger |l
where @ = a/At?> is the effective compliance. The

accumulated multiplier Aic represents the normal contact
force between the finger and particle i. All constraints
{C V.C ]S ,CM ¢ lC } are projected simultaneously, accumu-
lating )»}/, A]S. , Aic. Particle positions are then finalised.

The normalised contact multiplier aggregates over all par-
ticles in N'(r):

> Il

5C _ ieN(r)

N - T€ “0)

For each tetrahedron j, the volume and strain multipliers are
normalised:

. e . IS
)»}/ :chp(f—lv, 0,1], )Lf. = clip T—é, 0,1

(41)

fi = BudY + Bh3 (42)

with inverse-distance weights w; = 1/(d; + ¢), where
dj is the distance from tetrahedron j’s centroid to the grasp
centre p,. The haptic intensity is computed as:

Fys if grasping
Fraw = | clip(B:A€ + (1 — Bo)Fys, 0, 1) if [N(r)| >0

0 otherwise
43)

where Fys = Z?”Z] wjfj/zyzl w; and B, By, Bs are
weighting coefficients with 8, + B; = 1. The output is tem-
porally smoothed:

Fout < (1 — ) Fou + oy Fraw (44)

The smoothed scalar Fy, € [0, 1] is dispatched to the
WEART TouchDIVER, rendering the material’s deforma-
tion resistance as a continuous pressure signal. This ensures
that contact-induced deformation remains visually plausible
while respecting the underlying material model. As a result,
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users receive tactile feedback from the glove that aligns
closely with the observed deformation of the virtual soft body
(see Algorithm 2).

Algorithm 2 XPBD-driven haptic feedback

Require: Tetrahedral mesh with particles {X; }, volume constraint, tetra-
hedral strain constraint, shapematching constraints {C Y ,C IS csMy,
contact radius r o

1: Build constraints from rest configuration;
2: while simulation running do
3: if collision detection meets grasping requirements then
4: if not currently grasping then
5: Cache {xrff} for all particles
6: end if
7:  endif
8:  if ISGRASP then
9: Prescribe x; <« xj.ef + APhand for all particles
10:  end if
11:  Apply external forces; predict X; < x; + Atv;
12:  if ISGRASP then
13: N(r) <0
14:  else
15: N(@r) < {i : X — Phingerll < 1}
16: end if
17:  for iter = 1 to Njter do
18: Reset A < O for all constraints
19: Generate contact constraints Cic fori € N'(r)
20: Project {ch, cj’ , CSM €L}, accumulating A}/, A]S. is
21: Discard C ZC
22:  end for
23:  Update velocities; commit X; < X;
24:  pg < mean fingertip position
25:  for each tetrahedron j = 1 to M do
26: dj < |lc; — pgll
27: i}/ < clip(|2}|/z", 0, 1)
28: iS5 < clip(IAdll/7, 0, 1)
29: wj < 1/(dj +¢)
30: fi < BdY + BihS
31: end for y '
32 Fys < L;‘ Wi
j=1Wj
33:  if ISGRASP then
34: Fraw < FVS

35:  elseif [N (r)| > O then
R , A€
36: 2C ec]ip(w 0, 1)

IN ()| -T€ 7
37: Fraw(_ﬁc'ic"‘(l_ﬁ(')'FVS
38: else
39: Fiaw < 0 {no interaction}
40: end if

41: Fout <= (1 — o) Four + o Fraw
42:  WEARTSDK.SETFORCE( Foyt)
43: end while

6 Results

The implementation of our framework was developed in
Unity3D, using C# on a desktop computer equipped with
a 13th Gen Intel(R) Core(TM) i7-13700K processor running
at 3.40 GHz. The input devices used are the Head Mounted
Device (Meta Quest 2 headset) and the WEART TouchDIVER
G1 haptic glove. Please refer to the enclosed video for the
animated results. Our method is evaluated on diverse sets
of models that vary in geometric complexity and mesh res-
olution. Each model was tetrahedralized using TetGen to
produce the volumetric mesh for simulation. The surface
mesh for rendering is constructed from the boundary faces
of the tetrahedral mesh.

Environmental assets for the scenes were obtained from
the Unity Asset Store, and rendering was performed using
Unity’s built-in render pipeline. At the beginning of each sim-
ulation session, the deformable bodies are initialised under
the influence of gravity until they reach a stable resting con-
figuration. Following this initialisation, the WEART Glove
is calibrated with the virtual hand model to ensure alignment
between physical and virtual interaction. Once calibration is
completed, the user can begin interacting with the deformable
bodies.

6.1 Performance analysis

We measured the performance of our method using six differ-
ent virtual scenes, featuring virtual deformable objects with
a varying range of material characteristics. Our results for
all scenes are summarised in Tables 1 and 2, where Table 1
addresses the first five scenes, while Table 2 summarises the
sixth, which is flag. In the tables, we report the number of
volume constraints and the number of tetrahedral stretch con-
straints, we remark that each tetrahedron consists of one
tetrahedral stretch constraint, and one volume constraint,
which explains why the columns N,, Ny, and 7etra. are equal.
Additionally, the ranges used across all tested scenes: com-
pliance ranging from 0.2 to 0.4, damping from 0.02 to 0.05,
and uniform particle mass set to 1.0 for all deformable bod-
ies.

A simulation timestep of Az = 1/60 s was used across all
scenes, consistent with common practice in real-time interac-
tive simulation and sufficient to capture the dynamic response
of the simulated objects at interactive rates. The solver was
run for 5 iterations per timestep, providing a practical balance
between simulation stability and real-time computational
constraints. Among three types of constraints, the tetrahe-
dral strain constraints accounted for 86.6% of the total time,
whereas the volume constraints accounted for 11.1%, and
the shape matching constraints for only 2.3%. The tetra-
hedral strain constraints introduce significant computational
overhead due to their high algorithmic complexity. It oper-
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ates on each tetrahedral element and is applied 5 times per
frame during the iterative solver loop. In contrast, although
the volume constraint is also applied to each tetrahedral ele-
ment, it involves relatively simple geometric computations.
The shape matching constraint, on the other hand, is applied
globally to the entire soft body and contributes minimally
to the computational load due to its low complexity. These
factors make tetrahedral strain constraints the primary per-
formance bottleneck in the simulation.

Figure 6 illustrates the interaction scenarios for the jelly
deformable body. To quantitatively assess simulation accu-
racy, we compute the volume loss rate as e = (vo — v)/vp,
where vy denotes the rest-state volume and v the volume at
the current frame. In the absence of external interaction, vol-
ume remains at 100% throughout simulation, confirming the
absence of numerical drift. The reported losses of 0.4-0.8%
are observed during active deformation and remain stable
throughout sustained contact, attributable to the finite num-
ber of solver iterations, which prevents full convergence of
the volume constraints within each timestep. Upon release,
volume recovers to the rest state. As reported in Table 1,
across all tested scenes, our method effectively preserves the
volume of 3D deformable bodies, maintaining a loss rate
below 1%.

In Fig. 7, the user is interacting with a virtual deformable
cloth object. Since it is a surface-based representation, vol-
ume constraints and tetrahedral elements are not present.
Instead, we incorporate stretch and bending constraints to
simulate cloth behaviour. In this scene, we apply a constant
force of 20 N to each particle in the direction of —1, which
produces natural wrinkles that suggest dynamic airflow. We
refer to the accompanying video for visual results. Perfor-
mance metrics are reported in Table 2.

6.2 System latency analysis

All measurements (in Table 3) are taken in standalone build
mode with vertical synchronisation disabled, to ensure that
the timings reflect the actual pipeline latency. Hardware-side
latency is not included in the reported measurements. These
hardware-determined delays are additive and independent of
the proposed simulation pipeline. The 99th-percentile soft-
ware latency during contact interactions is 11.38 ms. The
XPBD constraint solver dominates per-frame cost, account-
ing for 99.0% of total latency in the idle state and 95.3% in
the interaction. The slight reduction in relative share during
contact reflects the activation of the haptic feedback pipeline
rather than any increase in solver cost. Activation of the haptic
computation thus introduces a marginal increase of 0.45 ms
in mean total latency, confirming that the proposed integra-
tion scheme does not compromise the real-time guarantees
of the underlying simulation. The solver itself increases only
marginally from 9.17 ms to 9.26 ms between states, con-

firming that contact interactions do not impose additional
constraint-solving overhead. Other simulation stages, includ-
ing position prediction, contact detection, finalisation, and
rendering update, together account for less than 0.1 ms and
are effectively free at the analysed scale.

6.3 User study

We evaluated the performance of our proposed system with
human subject participants (N = 16). The study questions
were structured around four key dimensions: (1) visual feed-
back, (2) haptic Feedback, (3) visual-haptic congruence,
and (4) interaction stability. We conducted our experi-
ments at Brunel University London, after obtaining ethical
approval (reference: 50550-LR-Mar/2025-54032-2) prior to
data collection. Participants gave written informed consent
before participating, and were informed about privacy and
safety considerations before participating in the experiment.
Among the 16 participants, 13 reported having used VR on
only one to five occasions, and the majority had no prior
experience with haptic devices, suggesting that the sample
is representative of a general, non-expert population. All
participants were asked to evaluate two experimental con-
ditions. Condition A represented the proposed system, while
Condition B employed a baseline implementation using the
standard WEART SDK for haptic feedback. The order of
conditions was counterbalanced across participants to mit-
igate potential order effects. Each participant began with
virtual hand calibration, after which they were instructed to
interact with the soft-body simulation through grasping and
poking actions. Following a 10 minute rest period, partici-
pants performed the identical set of interactions under the
other condition. Upon completing both conditions, partici-
pants were asked to complete the questionnaire to evaluate
their experience and indicate their preference between the
two systems.

Visual feedback: A Wilcoxon signed-rank test was con-
ducted to compare the visual feedback ratings between
Condition A and Condition B. The results revealed no sta-
tistically significant difference between the two conditions
(W =5.0, p =0.128), with Condition A achieving a mean
rating of 5.52 (§D = 1.87) and Condition B achieving a
mean rating of 5.17 (SD = 2.16). The absence of a signifi-
cant difference, combined with the comparably high ratings
observed in both conditions, confirms that the XPBD sim-
ulation pipeline delivers high visual realism, demonstrating
that the proposed system achieves good visual fidelity.

Haptic feedback: Regarding haptic feedback ratings, a
significant difference was found between Condition A and
Condition B (W =4.0, p = 0.006, r = 0.827), with Condition
A achieving a mean rating of 5.27 (SD = 1.84) and Condi-
tion B achieving a mean rating of 4.17 (SD = 1.97). The large
effect size further corroborates the robustness of this finding,
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Fig. 6 User touching a jelly-like virtual soft body object in a virtual kitchen scene. Upon contact, the jelly exhibits elastic jitter behaviour,

demonstrating high physical plausibility

Fig. 7 The system delivers real-time visual rendering and force feed-
back, enabling the user to perceive cloth deformation and haptic force
magnitudes during manipulation

confirming that the proposed system delivers superior haptic
feedback than the baseline implementation.

Visual-haptic congruence: Condition A (our proposed
system) received a mean rating of 5.35 (SD = 1.84), com-
pared to 4.33 (SD = 2.26) for Condition B (the baseline). A
significant difference was found between the two conditions
(W =2.5, p=0.003), indicating that participants perceived
the timing and synchronisation between visual and haptic
feedback to be significantly better in the proposed system
than in the baseline implementation.

Interaction stability: In interaction stability, the result
shows a statistically significant difference between the two
system (p = 0.005). The proposed system achieved a mean
stability rating of 5.50 (S D = 1.72), substantially higher than
that of the baseline, which recorded a mean of 4.10 (SD =
2.28). This significant difference demonstrates that the pro-
posed system delivers markedly superior interaction stability,
highlighting the effectiveness of the integrated architecture
in sustaining reliable and consistent real-time performance
during soft-body interaction.

Preference: After completing all trials (3 per condition),
participants compared the two conditions. The results of Fig.
8 indicated that the majority of participants favoured our pro-
posed system over the baseline. In particular, a significant
preference was observed for haptic naturalness (p = 0.022),
with 56.2% of participants rating the proposed system more
favourably. Although the overall preference score also leaned
toward Condition A (D4: Median = —2.50, Mean = —1.19),
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Table 3 Per-stage simulation latency broken down by interaction state
(idle and contact), measured over N = 2837 frames collected in stan-
dalone build mode with vertical synchronisation disabled. All values in
milliseconds

Stage Mean Med Std P95 P99
Idle

Predict 0.06 0.06 0.01 0.07 0.10
Contact detect 0.01 0.01 0.00 0.01 0.03
XPBD solve 9.17 9.20 0.52 9.91 10.25
Finalise 0.01 0.01 0.00 0.01 0.02
Render <0.01 <0.01 <0.01 <0.01 <0.01
Force calc <0.01 <0.01 <0.01 <0.01 <0.01
SDK dispatch 0.01 0.00 0.02 0.02 0.15
Total 9.27 9.29 0.52 10.00 10.34
Contact

Predict 0.06 0.06 0.01 0.07 0.13
Contact detect 0.01 0.01 0.00 0.01 0.01
XPBD solve 9.26 9.36 0.69 10.12 10.56
Finalise 0.01 0.01 0.00 0.01 0.02
Render <0.01 <0.01 <0.01 <0.01 <0.01
Force calc 0.20 0.16 0.29 0.19 0.92
SDK dispatch 0.17 0.18 0.09 0.24 0.36
Total 9.72 9.79 0.75 10.68 11.38

this difference did not reach statistical significance (p =
0.054). We attribute this marginal result to individual differ-
ences in participant background; the majority of participants
had limited prior experience with both VR and haptic devices,
which may have affected their ability to critically differen-
tiate between the two conditions and articulate a definitive
preference.

Overall, participants demonstrated a clear preference for
our proposed system (Fig. 10), which consistently achieved
higher ratings across the majority of evaluation dimensions,
particularly in haptic feedback, visual-haptic congruence,
and interaction stability (Fig. 9). The visual feedback scores
confirm that the XPBD-based deformable body simulation
produces plausible, perceptually convincing deformation
behaviour, thereby validating the visual fidelity of the pro-
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Fig. 8 Box plots of direct comparison ratings (D1-D4) between the
proposed system and the baseline, where negative values indicate a
preference for the proposed system (A), zero indicates no perceived
difference, and positive values indicate a preference for the baseline
(B). The median scores for all four items fall below zero, reflecting a
consistent preference for the proposed system

posed rendering pipeline. Furthermore, the haptic feedback
results demonstrate that the proposed approach successfully
enables realistic real-time interaction with deformable body
objects. The inferior performance of the baseline in inter-
action stability is attributed to its binary force feedback
mechanism. The baseline, which uses the WEART Unity
SDK, computes haptic force based on the distance between
the real and virtual hand; however, in the context of soft-
body interaction, this distance remains zero during contact,
causing the force to be generated solely based on a pre-
defined stiffness value rather than the actual deformation
state. This results in a discretised force output that produces
abrupt, discontinuous force sensations, most notably during
the transition from compression to recovery, when no grad-
ual force variation is conveyed to the user. This observation
was further corroborated by post-experiment interviews, in
which participants explicitly reported that the proposed sys-
tem enabled them to perceive continuous, progressive force
changes corresponding to soft-body deformation, in contrast
to the discrete force response characteristic of the base-
line. These results demonstrate that the proposed approach
effectively addresses this limitation, providing meaningful,
graded haptic feedback during soft-body interactions with
the WEART G1 glove (Fig. 10).

Additionally, it is worth noting that Overall Plausibility
(D1) was consistently skewed towards the proposed sys-
tem. This finding suggests that well-designed, physically
grounded haptic feedback does not operate in isolation but
meaningfully enhances the overall user experience, reinforc-

Scores: Prop

7
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3

2 Condition
o EEE Proposed System
o o [ Baseline

1 !

Visual Haptic Stability
Feedback Feedback Congruenoe

Rating (1-7)
IS

Fig.9 Box plots illustrating the distribution of subscale ratings across
four dimensions. The proposed system (blue) consistently achieved
higher median scores than the baseline (orange) across all evaluated
dimensions

Item Differences: B — A
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Fig. 10 Heatmap of item-level mean score differences across 12 rating
items, where A refers to our proposed system and B refers to the baseline
implementation. Positive values indicate higher ratings for the proposed
system

ing the value of tight visual-haptic integration in immersive
VR environments.

7 Conclusion

We have presented an efficient and light-weight system that
integrates XPBD with a wearable haptic glove to enable
real-time interaction with deformable bodies. During the
simulation, the soft model preserves volume and structure,
allowing physically plausible deformations in response to
external forces. Lagrange multipliers A accumulated during
constraint projection are used directly to derive the haptic sig-
nal, enabling users to feel soft tissue deformation in real-time.
In the first step of our approach, XPBD computes deforma-
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tion based on a set of constraints. By incorporating stretch,
bend, volume preservation, and shape matching constraints,
the system maintains the elastic nature of the simulated
model. Furthermore, we implement a custom deformation
mechanism that couples contact interactions to plausible
deformations, enabling visually consistent and physically
reactive interactions. Then, in the second step, the resulting
deformations and constraint violations are used to calculate
the haptic parameters. Finally, haptic parameters are sent via
the SDK to the glove, generating corresponding force feed-
back.

We evaluated our method across six scenarios, achieving
peak visual rendering rates of approximately 96.3 FPS for 3D
deformable object simulation and up to 197 FPS for 2D cloth
simulation on consumer hardware. Our user study confirmed
that participants found the simulated deformable body visu-
ally plausible and preferred the proposed system for visual
and haptic congruence. Participants reported that the force
feedback varied in accordance with the observed deforma-
tion behaviour in our system, which led to higher ratings.
This also demonstrates that physically grounded haptic ren-
dering enhances overall perceptual quality in VR deformable
body interaction.

The current implementation does not fully address self-
collision, which can occur in extreme deformation cases.
Moreover, end-to-end latency remains dependent on the
hardware device and is beyond the scope of software-level
optimisation. Furthermore, the user study was conducted
with a relatively small sample size of 16 participants. In the
future, we aim to conduct larger-scale user evaluations to
compare tactile feedback quality across different hardware
setups.

Supplementary Information  The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00371-026-04570-
3.
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