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Figure 1: The different steps of NePHIM by means of a single frame: a) Two of the 16 views of our multi-camera rig used to capture head-hand
interactions and corresponding landmarks. b) Our proposed simulation for head-hand interactions in comparison to the tracked input (after
fitting template surfaces to the landmarks (IK)) and the simulation used in the previous state-of-the-art [SGPT23]. c) Prediction of the efficient
neural network trained to approximate our simulation.

Abstract
Due to the increasing use of virtual avatars, the animation of head-hand interactions has recently gained attention. To this
end, we present a novel volumetric and physics-based interaction simulation. In contrast to previous work, our simulation
incorporates temporal effects such as collision paths, respects anatomical constraints, and can detect and simulate skin pulling.
As a result, we can achieve more natural-looking interaction animations and take a step towards greater realism. However, like
most complex and computationally expensive simulations, ours is not real-time capable even on high-end machines. Therefore,
we train small and efficient neural networks as accurate approximations that achieve about 200 FPS on consumer GPUs,
about 50 FPS on CPUs, and are learned in less than four hours for one person. In general, our focus is not to generalize the
approximation networks to low-resolution head models but to adapt them to more detailed personalized avatars. Nevertheless,
we show that these networks can learn to approximate our head-hand interaction model for multiple identities while maintaining
computational efficiency.
Since the quality of the simulations can only be judged subjectively, we conducted a comprehensive user study which confirms
the improved realism of our approach. In addition, we provide extensive visual results and inspect the neural approximations
quantitatively. All data used in this work has been recorded with a multi–view camera rig. Code and data are available at
https://gitlab.cs.hs-rm.de/cvmr_releases/HeadHand.

1 Introduction

How many times per hour do you think you touch your face?
Probably more often than you are aware of. Although the an-
swer to this question varies in scientific studies, it can be said

that, on average, people touch their heads several dozen times an
hour [KGM15, RMF20, MMG19]. There are many ways to inter-
act, such as touching, stroking, scratching, rubbing, pulling, tug-
ging, squeezing, and caressing, to name but a few. Behavioral sci-
ences do not conclusively answer why people touch their faces,
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yet the implications even extend to computer graphics. Due to the
frequency and expressiveness of head-hand interactions, simulating
them in facial animations would considerably improve user per-
ception. Especially with the focus on photo-realistic avatars these
days [QKS�24,MWSZ24,ZBT23,AXS�22,GKE�22], the relevance
of authentic facial animations is further accentuated.

Only recently, attempts to incorporate head-hand interactions
into facial animations have been proposed [SGPT23, WDX�24].
In particular, these approaches address two main challenges. Nat-
urally, the simulation of interactions is the main emphasis, but
three-dimensional tracking of the head and hands is also a pre-
requisite for realistic animations. Shimada et al. [SGPT23] and
Wu et al. [WDX�24] are impressive in determining simulated 3D
head and hand surfaces from a single monocular image. However,
both neglect the fidelity of the interaction animation as they are
based on the same rather coarse physics-based surface simulation.
More sophisticated, detailed, and anatomically accurate volumetric
physics-based simulations of heads have been explored in other
contexts [SNF05, IKKP17, Con16, CZ24].

This work introduces a substantially improved physics-based
simulation of head-hand interactions and designs more realistic
interaction mechanisms. For instance, in contrast to the previous
methods, we consider pulling interactions and the influence of the
skull. Since this simulation is not real-time capable, we also learn
a personalized neural network as an approximation. Both our sim-
ulation and the network process tracked head and hand surfaces
and thus remain compatible with the tracking concepts of previous
approaches [SGPT23, WDX�24]. Another contribution of this work
is the creation of a dataset of real head-hand interactions. To this end,
we built a multi-view rig with 16 high-resolution and synchronized
video cameras with which we recorded several subjects. Unlike the
only other comparable dataset available [SGPT23], we did not in-
struct the participants which head-hand interactions to perform. We
simply asked the participants to perform arbitrary interactions and
can, therefore, reproduce an even wider range of hand movements in
our data. Among other things, we also capture skin pulling, which
was previously ignored. Figure 1 is an exemplary illustration that
shows a recorded pulling frame, the associated simulation, and the
approximation by our neural network.

We evaluate our approach qualitatively using visual examples
and the accompanying video of dynamic head-hand interaction an-
imations. Furthermore, we conducted an extensive user study that
confirms that our approach is perceived more naturally than pre-
vious ones. Quantitative experiments demonstrate that the neural
approximation can be created in just a few hours and adapted to mul-
tiple human identities simultaneously. The trained network achieves
around 50 frames-per-second (FPS) even on slower CPUs.

2 Related Work

In this section, we discuss three literature fields related to our ap-
proach. First, Section 2.1 presents physics-based facial animations in
general. Next, Section 2.2 addresses recent developments focusing
specifically on animated head-hand interactions. Finally, Section 2.3
examines work in which neural networks approximate physics-based
simulations.

2.1 Physics-Based Facial Animations

Heuristic physics-based facial simulations have been developed for
a long time and principally intend to compensate for shortcom-
ings of simpler but popular facial animation methods like linear
blendshapes [LAR�14]. For instance, artifacts like implausible con-
tortions and self-intersections can be avoided by including volumet-
ric and anatomical constraints. The pioneering work of Sifakis et
al. [SNF05] is a volumetric physics-based facial simulation that runs
on a personalized tetrahedral mesh. Unfortunately, the tetrahedral
mesh can only be of limited resolution due to an associated dense op-
timization problem. With Phace [IKKP17, IKNDP16], an improved
simulation concept has been introduced, which is also defined on
a tetrahedral mesh but can handle higher resolutions and considers
anatomical structures more precisely. In addition to a tetrahedral
mesh, the art-directed muscle models [CF19,BCGF19,Con16] repre-
sent muscles as B-splines that steer facial expressions via trajectories
of spline control points. A solely inverse model for determining the
physical properties of faces was proposed in [KK19].

Thanks to increased computing capabilities, data-driven physics-
based facial simulations have also become appealing recently. An
example is the model of Yang et al. [YKZ�22] that learns to vol-
umetrically animate a person’s face from multi-view videos with
the help of differentiable physics [DWM�21]. Although Yang et
al. [YZC�23] extend the model to cover several identities, adding
a novel identity requires five days of retraining and the inference
of one frame runs multiple seconds. While faster alternatives ex-
ists [WBS23], generally, heuristic as well as data-driven physics-
based simulations are not commonly used in real applications due
to their complexity and computational effort. Other data-driven ap-
proaches include Animatomy [CEM�22], which represents muscles
as curves, and the implicit model of Chandran et al. [CZ24]. The
aforementioned data-driven simulations are not designed to handle
collisions and external interactions.

2.2 Head-Hand Interactions

All previously discussed simulations have in common that they are
primarily aimed at facial animation, facial retargeting, or face re-
construction, but not at the simulation of external influences such
as hands. Although models like Phace [IKKP17] are theoretically
applicable in such scenarios, the non-trivial practical implemen-
tation of interactions has not happened until lately. Shimada et
al. [SGPT23] propose the first head-hand interaction simulation, De-
caf, and demonstrate how a neural network can learn the simulation
while generalizing over the FLAME head model [LBB�17] and the
MANO hand model [RTB17]. Decaf focuses on mapping a single
RGB image to interaction deformations, using only a surface-based
simulation that, in terms of quality and realism, falls short of the
volumetric simulations discussed in Section 2.1. Also, the low res-
olution and the sometimes too smooth representation of heads in
FLAME are often insufficient for demanding applications. Wu et
al. [WDX�24] advance Decaf by an extended generalization to in-
the-wild images. Unfortunately, the underlying simulation remains
the same. Consequently, we focus on a more realistic simulation for
personalized and more detailed head avatars.
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Variable Description
S,J,C Tetrahedral meshes of soft tissue, jaw,

and cranium
H,L,R,J,C Surface meshes of head, left hand, right hand,

jaw, and cranium
E� Energies
w�,s� Scalar weights
C� Vertex targets of hand interactions
I� Set or dictionary of vertex indices
�t Indicates the time step t of a variable
�src Indicates the source src of a variable
XT Sequence (Xt)

T
t=1 of T surface meshes Xt

X̃ Projection into PCA space of surface mesh X
v,c,t A geom. element like a vertex v, a cylinder c,

or a tetrahedron t
func Denotes a function

Table 1: The notation of the main concepts of Section 3.

a) b) c) d)

Figure 2: a) Full-body template which includes the head template
surface H shown in b). c) Cross section of the connected tetrahe-
dral meshes S,J,C. d) The template jaw and cranium surfaces J,C
embedded in the tetrahedral meshes.

2.3 Approximating Physics-Based Simulations

As we accelerate our approach with efficient neural networks, we
also give a brief overview of the literature on neural approximations
of physics-based simulations. On the one hand, there are general
methodologies [SWR�21] that also explicitly deal with interac-
tions of two or more objects [RCCO22, RCPO21]. On the other
hand, there are methods with a focus on bodies [SGOC20, CO18]
or heads [WBS23]. For NePHIM, we adopt the general method
of subspace neural physics [HDDN19] that is, in particular, com-
putationally efficient for approximating simulations of interacting
objects.

3 Method

This section first outlines the objectives of our approach (Section 3.1)
and then presents the formal implementation (Sections 3.2–3.5). To
support the reading flow, we slightly misuse the notation in the
following derivations by denoting a mesh and the corresponding
vector of stacked vertex positions with the same symbol. Table 1
gives a summary of the notation.

3.1 Objectives & Method Overview

We consider an animation at time T with tracked surfaces for the
left hand Ltra

T , the right hand Rtra
T , and the head H tra

T of a person.
Given the corresponding neutral head surface mesh H as well as
tracked sequences (consisting of all previous frames up to T ) for
the left hand LT =

�
Ltra

t
�T

t=1, right hand RT =
�
Rtra

t
�T

t=1, and head

HT =
�
H tra

t
�T

t=1, our first objective is to deform the tracked head
surface mesh at time T , H tra

T , to

Hphy
T = phy(RT ,LT ,HT ,H) , (1)

such that head-hand interactions are resolved realistically through
a physics-based simulation phy. Previous methods [SGPT23,
WDX�24] determine deformations through a simple surface-based
simulation [MHHR07] incorporating only constraints for the skin
surface and (static) pushing hand interactions. We improve realism
by implementing phy (Section 3.3) as a volumetric simulation that
additionally respects

� long-term collision paths of pushing interactions,
� pulling hand interactions,
� and volumetric anatomical constraints.

Although the resulting Hphy
T appears more natural (Section 4.4),

our simulation phy is not real-time capable and, hence, potential
applications are restricted. Therefore, our second objective is to train
a neural network net (Section 3.5) that approximates Hphy

T while
being real-time capable even on CPUs.

3.2 Volumetric Template

In the remainder of this section, we will precisely state phy and
net. However, as our approach is intended to reflect volumetric
constraints, we first introduce a head template(H,J,C,S,J,C) as the
foundation of phy. The template includes the neutral head surface
mesh H � S that encloses a soft tissue tetrahedral mesh S. The two
template surface meshes J,C form the corresponding skull as jaw
and cranium and are filled with respective tetrahedral meshes J and
C. All tetrahedral meshes are connected, and the surface vertices
of H can be addressed in S with the same indices. An experienced
digital artist designed the template surfaces while the tetrahedral
meshes were created with TetGen [Han15].

Figure 2 b–d visualize all template components; all dimensions
can be found in Appendix A. The tessellation of H is aligned with
a full-body avatar (Figure 2a), which is part of the code release to
easily integrate NePHIM into other applications.

To register the volumetric template to a tracked person, we ex-
pect the neutral head surface H of this person to be known. Then,
we reposition the skull components by a dense linear model that
we trained on the computed tomography dataset of Achenbach et
al. [ABG�18]. Formally, this model maps from the vertex positions
of H to the vertex positions of the jaw J and the cranium C. The
vertices of each tetrahedral mesh S,J,C are placed by radial basis
function space warps [BK05] calculated from the respective enclos-
ing surfaces in the template to the corresponding surfaces of the
tracked person.
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