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Abstract

The hand is the most commonly used body part for interacting with our three-dimensional world.
While it may seem ordinary, replicating hand movements with robots or in virtual/augmented reality
is highly complex. Research on how hands interact with objects is crucial for advancing robotics,
virtual reality, and human-computer interaction. Understanding hand movements and manipulation is
critical to creating more intuitive and responsive technologies, which can significantly improve accuracy,
efficiency, and scalability in various industries. Despite extensive research, programming robots to

mimic human-hand interactions remains a challenging goal.

One of the biggest challenges is collecting accurate 3D data for hand-object grasping. This process is
complicated because of the hand’s flexibility and how hands and objects occlude in grasping poses. Col-
lecting such data often requires expensive and sophisticated setups. However, recently, neural fields [1]
have emerged, which can model 3D scenes using only multi-view images or videos. Neural fields use a
continuous neural function to represent 3D scenes without needing 3D ground truth data, relying instead
on differentiable rendering and multi-view photometric loss. With growing interest, these methods are

becoming faster, more efficient, and better at modeling complex scenes.

This thesis explores how neural fields can address two specific subproblems in hand-object inter-
action research. The first problem is generating novel grasps, which means predicting the final grasp
pose of a hand based on its initial position and the object’s shape and location. The challenge is creat-
ing a generative model that can predict accurate grasp poses using only multi-view videos without 3D
ground truth data. To solve this, we developed RealGrasper, a generative model that learns to predict
grasp poses from multi-view data using photometric loss and other regularizations. The second prob-
lem is accurately capturing grasp poses and extracting contact points from multi-view videos. Current
methods use the MANO model [2], which approximates hand shapes but lacks the details for precise
contacts. Additionally, there is no easy way to get ground truth data for evaluating contact quality. To ad-
dress this, we propose MANUS, a method for markerless grasp capture using articulated 3D Gaussians
that reconstructs high-fidelity hand models from multi-view videos. We also created a large dataset,
MANUS-Grasps, which includes multi-view videos of three subjects grasping over 30 objects. Further-
more, we developed a new way to capture and evaluate contacts, providing a contact metric for better

assessment.

We thoroughly evaluated our methods through detailed experiments, ablations, and comparisons,

demonstrating that our approach outperforms existing state-of-the-art methods. We also summarize our

vii
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contributions and discuss potential future directions in this field. We believe this thesis will help advance

the research community further.
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Chapter 1

Introduction

Recent advancements in 3D computer vision and computer graphics are transforming various in-
dustries by increasing their accuracy, efficiency, and scalability. These fields are evolving rapidly due
to the increasing need to better understand and interact with the three-dimensional world. In robotics,
3D computer vision has been revolutionary, enhancing the intelligence and functionality of robots by
enabling them to interact more intuitively with their environments. This has led to significant progress
in autonomous robots, automated manufacturing, and human-robot interaction. Furthermore, integrat-
ing 3D computer vision with Augmented Reality (AR) and Virtual Reality (VR) is paving the way for
immersive experiences. These technologies employ real-time 3D mapping and object recognition to
foster richer, more interactive digital experiences. These developments underscore the crucial role of
3D computer vision in understanding our complex world and enhancing our interactions with technol-
ogy. Ongoing advancements in this field broaden robot’s ability to perceive, engage with, and influence
our three-dimensional surroundings, opening up exciting new opportunities.

A key factor in these developments is the evolution of 3D representations. Traditional 3D mod-
eling techniques, which relied on structured grids, point clouds, or meshes, have given way to novel
approaches such as neural fields, which use continuous functions to represent 3D scenes. These meth-

ods have recently gained popularity for various visual computing challenges, like reconstructing 3D

Figure 1.1: Practical use cases of 3D computer vision in (a) robot-assisted surgery (b) robot grasping.


https://www.politico.eu/sponsored-content/harnessing-innovation-in-robotic-assisted-surgery/
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shapes and appearances, generating new viewpoints from existing images, modeling human figures, and
enhancing medical imaging. Neural fields are also being applied in fields beyond visual computing,
including physics and engineering.

This thesis explores the use of neural fields in 3D computer vision, which addresses the shortcomings
of traditional 3D representations and offers capabilities not possible with older methods. Specifically, it

focuses on applying neural fields to hand-object interaction problems.

1.1 Motivation and Challenges

Imagine the simple acts of picking up a morning coffee cup, scribbling down a quick note, or tighten-
ing a loose faucet with a wrench. These everyday actions don’t just show how adept we are at handling
different objects; they also present a significant challenge for machines: understanding the nuanced
ways humans interact with the physical world.

This challenge isn’t just academic; it has practical applications in many areas. For instance, getting
this right in robotics is essential for developing advanced technologies that enable robots to carry out
complex tasks like assembly, cooking, or even conducting surgeries Figure 1.1. These robots need to
do more than grab things—they must handle objects with the precision and care that a human hand
can. In augmented reality (AR) and virtual reality (VR), making hand-object interactions more realistic
can greatly improve how immersive and interactive these technologies feel. This is especially useful in
educational settings, where virtual models can help enhance learning or in professional design, allowing
users to work with digital prototypes as if they were real. Moreover, understanding these interactions can
lead to better human-computer interfaces, making technology more intuitive and accessible, particularly
for people with disabilities. This can range from simple gesture-based controls for everyday tech to more
complex interactions in specialized software, improving how users engage with digital systems.

Capturing 3D data, especially during hand-object interactions, presents substantial difficulties that
often require expensive equipment and complex setups. The unique challenges include the hand’s flex-
ible and non-rigid nature, occlusions caused by the interaction with objects, and the fingers occluding
each other. High-end 3D scanners like the Artec Leo Figure 1.2 can generate detailed and textured
meshes but are limited to capturing rigid structures. RGBD sensors like Microsoft’s Azure Kinect and
Intel’s RealSense offer a more affordable solution for capturing multi-view 3D hand-object interaction
data; however, these sensors face issues like sensor noise, sensitivity to change in light, and precise
depth calibration. Their output is typically a sparse and noisy point cloud, and achieving accurate,
good-quality geometry is another research challenge. Costly motion capture (MoCap) setups are used
to track hand movements in hand-object interactions, which track the hand’s movements through mark-
ers. While this method is accurate for tracking, it only captures a limited number of points, and fitting
a parametric model like MANO [2] to these points to reconstruct the hand’s geometry can be impre-
cise. At the higher end, systems like 3DMD and The Relightables offer robust and high-fidelity 4D data
capture, but these are exceptionally expensive and complex, making them hard to mimic with lower-



Artec Leo Microsoft Azure Kinect OptiTrack Hand Glove 3DMD System

Figure 1.2: Different capture devices available in the market.

end devices. Additionally, in hand-object interactions, another issue arises: even if accurate 3D data is
captured, determining the contact area between the hand and object is challenging because it requires
disentanglement between the two. To address this, specialized hardware like heat-sensitive cameras has
been employed to capture the contact details in hand-object interactions more precisely; however, these
methods also struggle with heat dissipation.

On the representation front, neural fields have shown great potential in encoding scene properties
using only multi-view images and videos. The widespread availability of high-quality smartphone cam-
eras simplifies the capture of high-quality 2D images and videos, reducing dependence on error-prone
manual 3D annotation methods and democratizing data acquisition. Given these advancements, it’s
logical to explore the use of neural fields to tackle these existing challenges in the field, leveraging
multi-view images and videos of hand-object interactions.

Despite the critical importance, this problem is not trivial at all and comes with multiple challenges

which we discuss below,

* Complexity of Hand Movements: The human hand is an incredibly intricate system compris-
ing many bones, muscles, tendons, and ligaments. This complexity allows for a vast range of
movements and poses, making it challenging to model in 3D accurately Figure 1.4. Capturing
the nuances of finger movements, joint rotations, and subtle gestures adds layers of complexity
to the modeling process. Additionally, the variability in hand shapes and sizes among individuals

further complicates the task.

* Limited Dataset: Acquiring precise 3D data on hand-object interactions poses significant chal-
lenges due to occlusions caused by hands and fingers. While datasets such as GRAB [3], DexYCB
[4] and ARCTIC [5] have contributed significantly to progress in this area, they rely on parametric
models like MANO [2], which provide only an approximate depiction of hands lacking intricate
details. Consequently, datasets are urgently needed to address these limitations and provide more

comprehensive information.

* Variability in Object Shapes: Objects exhibit a wide range of shapes, sizes, and textures, further
complicating hand-object interaction modeling Figure 1.3. From simple geometric shapes to
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Figure 1.3: Object variability shown in ShapeNet dataset [6]. Image Source.

complex, irregular forms, objects present diverse challenges for interaction strategies. Adapting
to this variability requires robust algorithms capable of recognizing and interacting with objects of
varying characteristics. Moreover, the material properties of objects, such as hardness, elasticity,
and friction, influence how hands interact with them, adding another layer of complexity to the
modeling process.

* Occlusions: Significant occlusions often occur during hand-object interactions. Fingers or parts
of the hand can obscure the object and vice versa, making it difficult to determine the hand pose
relative to the object precisely. Vision systems need to be able to handle these occlusions and

infer the hidden hand configuration based on the visible portions.

* Real-time Processing Requirements: Many applications of hand-object interaction systems,
such as robotics and augmented reality, demand real-time processing capabilities. Achieving real-
time performance requires algorithms that can efficiently process large volumes of data and make
rapid decisions. This necessitates the development of optimized algorithms and computational
techniques tailored to the specific requirements of real-time applications. Balancing accuracy
with computational efficiency becomes crucial in such scenarios to ensure smooth and responsive

interaction experiences.

1.2 Problem Statement

As discussed, given the advantages of the neural field methods, we want to explore them for under-
standing and modeling of 3D hand-object interactions using real-world multi-view images/videos. We

mainly focus on the following two sub-problems in the hand-object interaction domain:


https://kaolin.readthedocs.io/en/v0.1/notes/datasets_tutorial.html

Figure 1.4: Diverse and complexity in hand movements.

Novel Grasp Generation The primary objective here is to synthesize a novel grasp based on the initial
pose of a hand and an object, utilizing solely 2D multi-view grasp data. This requires constructing a
detailed 3D model of both the hand and the object, followed by developing a grasping framework that ac-
curately predicts a hand pose capable of successfully interacting with the object. The grasping dynamics
change significantly with changes in the object’s orientation, shape, and size, so the grasping framework
must learn these subtle dynamics for accurate grasp generation. This process must be achieved entirely
by analyzing multi-view grasping videos, thereby eliminating the need for 3D annotated data.

Markerless Grasp Capture This sub-problem focuses on reconstructing the hand’s articulated move-
ments and accurately depicting the sequence of grasps from 2D multi-view videos. The challenge lies
in transforming 2D video data into a 3D sequence that accurately represents the physical interactions
between the hand and the object, ensuring precise contact modeling throughout the sequence. Further-
more, since there is no ground truth contact data to compare the grasp, there is a strong need in the

literature to find methodologies to acquire ground truth contact data and compare with it.

1.3 Research Landscape

1.3.1 Novel Grasp Generation

Novel grasp generation techniques can be categorized into two main groups: physics-based simula-
tions and perception-based methods.

Physics-based simulation methods utilize simulations to model human grasp in synthetic environ-
ments due to the challenges of capturing real-world data. One such method is Graspit [7], which em-
ploys heuristics and physics principles to determine hand poses based on object interactions. Recent
approaches like D-Grasp [8] and Grasp’D [9] enhance dynamic grasp synthesis through reinforcement
learning and differentiable simulation, respectively. ManipNet [10] combines marker-based motion
capture with machine learning to simulate object manipulations. Despite their advancements, these
simulation-based approaches often struggle to bridge the gap between synthetic and real-world data.

Perception-based methods leverage visual data to generate novel grasps, incorporating physical con-

straints such as proximity, forces, and contacts during optimization or learning processes. Grasping



Field [11] employs the supervised training of a variational auto-encoder, which takes the point cloud
of an object and hand pose as input and outputs the grasping pose of the hand. ContactDB [12] uses
thermal imaging data to train a model that predicts grasp contact based on the new object shape. Other
works, like [13], aim to solve the more ill-posed problem of hand-object reconstruction from RGB
videos. While simulation-based grasping techniques cannot be directly extended to real-world data due
to the complexity and noise inherent in such data, perception-based methods can work with real-world
data but often require extensive 3D annotated data to learn and generate novel grasping dynamics effec-
tively. Approaches like FLEX [14] leverage full-body pose and hand-grasping priors, composing them
into 3D geometrical constraints to obtain full-body grasps.

Additionally, all the aforementioned methods rely on parametric hand models like MANO [2], which

is an approximation of the actual hand.

1.3.2 Markerless Grasp Capture

Multiple methods attempt to capture hand-object interaction from either single or multi-view se-
quences. Methods addressing the more ill-posed problem, such as those using a single view, [12], [15]
rely heavily on supervised training and require accurate 3D annotated data. The accuracy of these meth-
ods does not match those using multi-view camera setups due to fewer visual cues and the occlusion
ambiguity that arises during hand-object interaction.

Multiview camera methods still use MANO as the core hand model because it simplifies contact
estimation. However, due to the limited expressivity of parametric hand models, the interaction and
extracted contacts are often suboptimal. Additionally, the dataset used for training these methods doesn’t
have enough dense views to avoid occlusion ambiguity. Some methods, like [16], rely on sparse multi-
view RGBD data to tackle this problem, although depth information alone does not fully address these

challenges.

1.4 Thesis Contributions

* RealGrasper: Learning Human Hand Grasping from Multi-View Images: In this work, we
introduce a method for modeling human hand grasps using real-world, multi-view image data.
We develop neural field representations for both objects and hands, capturing their shapes and
appearances. Finally, we devise a generative model named RealGrasper, which generates the final

pose of a hand grasp given an object and an initial hand pose.

* MANUS: Markerless Grasp Capture using Articulated 3D Gaussians: We present MANUS,
a novel method for grasp capture that utilizes an articulated 3D Gaussian representation to model
hand shapes with high fidelity. It employs 3D Gaussians to articulate the complexities of hand
movements. Leveraging Gaussian primitives that are optimized based on multi-view, pixel-

aligned losses, our approach enhances the efficiency and precision of estimating contact points



between the hand and objects. Comparative evaluations against ground truth data demonstrate
that our method surpasses conventional template-based methods regarding contact estimation ac-

curacy.

1.5 Thesis Roadmap

This chapter introduced the problem of accurately modeling hand-object interactions and its asso-
ciated challenges. We also discussed existing state-of-the-art methods and their limitations and briefly
mentioned potential solutions to tackle those limitations. In Chapter 2, we provide the necessary back-
ground for this thesis and briefly summarize the aspects of various representations. We also discussed
the parametric hand model MANO, fitting it to multi-view images, and the inverse kinematics pipeline,
which doesn’t use the MANO parametric model. In Chapter 3, we explain our novel grasp generation
work, Realgrasper. In Chatper-4, we explain grasp capture work MANUS followed by conclusion and

future work in late chapters.



Chapter 2

Background

In this chapter, we build a basic background by reviewing useful definitions and terminologies. First,
we discuss the neural field representation, especially the Neural Radiance Field and its articulated vari-
ants, and then Gaussian Splatting. Then, we also talk about parametric hand representation MANO. We
also discuss estimating the hand pose from the multi-view images, including MANO fitting and Inverse

Kinematics.

2.1 Neural Fields

2.1.1 NeRF

Neural Radiance Field [17] (NeRF) Figure 2.1 is a technique for reconstructing a 3D scene and
generating novel views from a set of 2D images. The method has gained significant traction in computer
graphics and computer vision due to its ability to produce high-fidelity images and its applicability
across various domains like virtual reality, augmented reality, and movie production.

NeRF represents a scene using a 5D vector-valued function approximated by a Multi-Layer Per-
ceptron (MLP) Fg. The input to this network is a 5D vector (z,y, 2,0, ¢) consisting of 3D spatial
coordinates x = (x,¥, z) and a 2D viewing direction vector d = (6, ¢). The MLP maps this input to
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Figure 2.1: Different capture devices available in the market.



output as an RGB color value (¢) = (r, g, b) and a volume density o.

Fo : (x,d) = (c,0) (2.1)

During training, rays are cast from the camera center towards each pixel in the image plane. Along
each ray, a set of 3D points are sampled by uniform or hierarchical sampling. The 3D coordinates of
these sampled points with the 8 and ¢ are fed into the MLP. The network predicts the sampled points’
volume density o and color c. The density is a function of only position, while color is a function of
both position and viewing direction. Once the color and density of the sampled points are obtained, a
volume rendering function is employed to compute the final color for each pixel, which generates the

final color of the target pixel by integrating the color and density along the camera ray.

N
C(r) =) Toc; (2.2)
=1
where,
i—1
T; = exp(— > 06;) (2.3)
j=1

Here, T; is the accumulated opacity, «; and ¢; is the transparency and color of the ith sample.

By minimizing the rendering loss between the predicted images and the ground truth images from

different viewpoints, the MLP parameters are optimized.
Furthermore, NeRF incorporates positional encoding to enhance the quality of the rendered images.
Articulated NeRF:

While vanilla NeRF and its variants excel at rendering static scenes, their inability to capture dynamic
scenes like articulated objects and characters poses a significant limitation. There have been multiple
attempts in the literature to address this challenge. One such approach is Template-Free Animatable
Neural Radiance Fields (TAVA) [18].

TAVA represents the shape and appearance of the canonical skeleton. The Linear Blend Skin-
ning (LBS) function is used to get the pose in the world space. Formally, if skinning weights are
defined as w = (wy,ws,...,wp, W) € RE*! in the canonical space, and for a given pose P =
{T,Ts,..., T} € R**4, forward Linear Blend Skinning (LBS) is used to determine the deformation
of a point x. in the canonical space to x, in the world space. Here, B is the number of bones and, 7" is

per-bone transformation.

B
Xy = LBS(W(x.;05), P, x.) = ij(xc; O,) - Tj +wpg - Lg| xc 2.4)
j=1



where Iy € R*** is the identity matrix. Wpg - 14 term is used to map entire 3D space by assigning the
background points and identity transformation. This allows points in the background and empty space
to remain unaffected by the skeleton deformation.

To capture the non-linear deformations which are not handled by LBS, an additional term is intro-
duced Fa : (x¢,P) — A, € R? on top of the learned LBS.
The final equation is given by,

Xy = LBS(W(x¢;05), P, %) + Ay(xc, P; OA). (2.5)

Color and density are queried from the canonical space to render this deformed skeleton. This
requires finding the corresponding x. in the canonical space for each x, in the view space. There is
no analytical solution to find this correspondence, hence it is posed as root-finding problem and solved

using Newton’s method.

Find x}, such that f(x}) = LBS(w(x};Os),P,x}) + Ay (x.,P;0a) —x, =0 (2.6)

x D) = x(®) _ (JR)) =L £(x(R)) (2.7)

where J*) € R3*3 is the Jacobian of f(x\")) at the k-th step.

2.1.2 Gaussian Splatting

In contrast to NeRF’s implicit scene representation, Gaussian Splatting [19] employs an explicit
approach using 3D Gaussians as building blocks to represent the scene as a point cloud. Each Gaussian
is defined by a center point, denoted by p, representing its mean location, and a covariance matrix, X2,

which captures its shape and orientation. Formally, it is expressed as,
G(z) = o3 (@—m) "= (z—p) (2.8)
The covariance matrix is further broken down into rotation and scaling matrix as,
¥ =RSSTR" (2.9)

Here, each Gaussian primitive has 3D position (i), opacity, anisotropic covariance matrix (32), and
spherical harmonics (SH) coefficients.

A tile-based differentiable rasterizer is used to render the Gaussian primitive. The covariance matrix
is transformed into camera coordinates using the viewing transformation matrix W and Jacobian matrix

J of an affine approximation of the projective transformation.

Y =JgwxwTjT (2.10)
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To determine the final color for a pixel, the contributions of multiple /N Gaussians are blended as,

i—1
C=> coi [J(1— ) (2.11)
ieN j=1

Here c; and «; represent the density and color of this point computed by a 3D Gaussian G.

2.2 Parametric Hand Model (MANO)

Figure 2.2: Parametric hand model MANO.

MANO [2] is a statistical model Figure 2.2 of the human hand extensively used in computer vision
and graphics. It deforms the vertices by blending pose and shape to represent hand shapes accurately
and pose. MANO employs a low-dimensional shape space to capture the variability in hand shapes
among individuals. Hand pose is represented by a set of joint angles, which control the rotation of the
hand’s skeletal structure. MANO uses blend shapes to capture the non-rigid deformations of the hand’s
surface in various poses. It takes pose parameters # € R*® and shape parameters 3 € R!° as input and
outputs a hand mesh with M € RV *3 where V' is 778 vertices. Additionally, MANQ’s joint regressor
returns the joints J € RX*3 of the hand for a total of KX = 16 joints.

M(B,0) = W(T,(8,0), J(8),0, W) (2.12)

T,(8,0) = T + Bs(B) + By(9) (2.13)
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Here, W is a skinning function: Linear Blend Skinning. 7T, is posed template, J is joint locations
defining a kinetic tree and )V are blend weights.
Specifically, the pose and shape blend shapes are defined as the linear combination of a set of defor-

mations, i.e., vertex offsets.

IK
By(0,P) = > (Rn(6) — Ru(0")) Py (2.14)
n=1
18]
Bs(8,8) =Y _ BnSn (2.15)
n=1

Here, P,, € P are the pose blend shapes, and K is the number of joints in the hand model.

2.3 Hand Pose Estimation

This section explores the task of 3D hand pose estimation, which involves determining the spatial
location and orientation of the hand in the world space. We will discuss two broad categories of methods

employed for this purpose.

2.3.1 MANO-based pose estimation

Pose estimation of hands using MANO is an active research area with various problem configura-
tions. These include single and multi-view image hand pose estimation and pose estimation from 3D
meshes. Here, we will specifically focus on MANO fitting using multi-view images.

The process begins with estimating 2D key points for each view using AlphaPose [20]. These 2D
keypoints are triangulated using the intrinsic and extrinsic camera parameters associated with each view
to obtain 3D keypoints. The MANO [2] model inputs pose and shape parameters and outputs the
corresponding hand mesh along with joint locations. The fitting process aims to update these pose
and shape parameters to minimize the difference between the model’s predicted and triangulated 3D
key points. This minimization is typically achieved by calculating the mean squared error (MSE) as
the loss function between the corresponding 3D key points. The parameters are then optimized using a
gradient descent algorithm.

For further refinement, if a coarse mesh of the hand is available (for instance, generated using In-
stantNGP [21]), the point-to-surface loss can be utilized to update the shape parameters with higher
accuracy. This additional step allows the model to capture the finer details of the hand’s shape and
improves the overall accuracy of the pose estimation.

2.3.2 Inverse Kinematics

To obtain the joint angles of the hand and its global orientation, an optimization-based approach

inspired by [22] is used. Specifically, the joint angles, global rotation, and global translation are treated
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Figure 2.3: Figure showing the degrees of freedom of rotation for each of the joints.

as optimization parameters ©. Then a forward kinematics (F'k(©)) pass is performed which takes the
joint angles as input and outputs 3D joint locations. As the forward pass is differentiable, gradient
descent is used to obtain the optimal parameters that explain the given 3D joint positions. Finally, the

L2 loss is minimized between predicted and target key points:
Liyp = ||Fk(O) — xHQ (2.16)

where x are the 3D joint locations predicted by AlphaPose [20].
To avoid the invalid hand poses, anatomical constraints (See Figure 2.3) and joint angle limits are

applied by applying a hinge loss as limit loss L;,,, as follows:

€]
Liim = Z((maX(O, [[©F — 11|%) + max(0, ||Ii — ©Y%)) (2.17)
=1

where [; and [, are the lower and upper limits on joint angles, respectively.

The final loss function is given by:
L= ﬁkyp + Aliim, (2.18)

The Adam [23] optimizer is used with a learning of 0.001 to optimize the loss function. The value
of X is set to be 1. The current frame is initialized based upon previous frame, this helps in faster

convergence and helps in maintaining temporal consistency.
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Figure 2.4: The left figure shows the backprojected 3D keypoints predicted by AlphaPose [20]. The
right figure shows the fitted hand skeleton using inverse kinematics.

Once joint angles are obtained, one euro filter [24] is applied to the joint angles to smoothen any
high-frequency jitter in the sequence.
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Chapter 3

RealGrasper: Learning Human Hand Grasping from Multi-View Images

As discussed in previous chapters, exploring neural field representations is crucial for addressing
the problem of novel grasp generation using multi-view image cues. This requires developing new
methods to represent hand-object interactions and creating a multi-view image dataset to observe these
interactions.

In this chapter, we demonstrate how tackling the challenges of dataset creation and representation
enables us to learn a model of human grasping directly from real-world multi-view images. First, we
introduce RealGrasp, a 53-view RGB dataset with over 362K frames spanning 11 different objects, 4
subjects, 17 free-hand sequences, and 20 grasps per object per subject. Next, we show how this dataset
can help build high-fidelity template-free neural models of hands, objects, and grasps with minimal
supervision. Rather than use mesh-like representations that may not faithfully capture appearance and
contact properties, our neural models are neural fields that model shape, appearance, and even contact
regions from arbitrary viewpoints. Finally, we introduce RealGrasper, a generative model consisting of
a conditional variational autoencoder that estimates the final grasp pose of the hand when given an initial
3D hand pose and object shape. We show quantitative and qualitative results to evaluate our dataset and

representation of grasping model.

3.1 Introduction

Each day, as we go about our daily lives, we effortlessly grasp more than a hundred different ob-
jects [25] thousands of times [26]. Grasping, a task so ordinary for humans, remains tremendously
difficult for machines as evidenced by its extensive study in robotics [27] and computer vision [28].
Understanding human grasping has important applications for instance in robotics, mixed reality, and
activity recognition. However, progress has been limited by challenges in capturing rich real-world
grasping data and building suitable representations to capture hands, objects, and grasps.

Because of these challenges, previous work has resorted to simulation [7,29-32] as a way to model
human grasps. In simulation, physical laws and heuristics are used to model the components of grasp-
ing including contact forces, friction, mass, and gravity. Inevitably, modeling every source of physical

variation is difficult resulting in a domain gap between simulation and the real world [33]. Some meth-
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Figure 3.1: We present a method to learn a model of human hand grasping directly from real-world
multi-view images. First, we introduce RealGrasp, a large 53-view RGB dataset with over 362K frames
spanning 12 different objects, 4 subjects, 17 free-hand sequences, and 20 grasps per object per sub-
ject. We introduce neural field representations of objects and hands that capture shape and appearance
(middle). We show how our dataset and representation can be used to learn a generative grasp model,
RealGrasper, that estimates the final hand pose of the grasp when given an object and the initial hand
pose. RealGrasper generalizes to previously unseen objects and can visualize shape, appearance, and
even contact regions (rightmost, denoted by red regions).

ods combine known physical constraints (e.g., contact) with real-world observations but: methods that
use observations from markers can hinder free hand motion [10, 34-36] while methods that operate
on images use representations like parametric hand models [37, 38] that lack the expressive capability
to easily model 2D hand boundaries, surface, and contacts. Furthermore, existing real-world grasping
datasets [3, 12] have been limited to providing coarse 3D hand pose, use specially designed or instru-
mented objects, and do not enable modeling of both the appearance and geometry of grasps.

We show that addressing the dataset and representation challenges can enable us to learn a model of
human hand grasping directly from real-world multi-view images. To this end, we present RealGrasp,
a new 53-view RGB dataset with over 362K image frames: multiple views of 11 different objects, 17
multi-view videos of free hand articulation across 4 subjects, and multiple views of 20 different grasps
on each of the objects and subjects — all captured without any special markers or sensors. We use this
dataset to build high-fidelity neural hand and object models with minimal supervision (only 3D camera
poses and hand poses obtained from off-the-shelf methods). Rather than use meshes as representations
of the hand and object, we build on the latest advances in neural fields, specifically neural shape [39]
and articulating radiance fields [17, 18]. Our template-free high-fidelity neural hand and object models
learn appearance, geometry, and can model the contact regions of the grasp.

The neural hand and object models are then used to learn RealGrasper, a generative model consist-
ing of a conditional variational autoencoder (CVAE) that, when given an initial 3D hand pose and an
object model, estimates a final hand pose representing a plausible grasp of the object. During training,

RealGrasper is only trained on multi-view RGB images and derived 3D hand poses of grasps without
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any other supervision. Our method produces novel natural grasps and can visualize the appearance and
geometry of grasps from arbitrary viewpoints as shown in Section 4.1. We quantitatively evaluate our
dataset and representation, and justify key design choices in Section 4.5. To our knowledge, ours is the
first method to use neural fields to model grasping on real data making comparison with other methods

challenging — but we provide some comparisons [11]. To sum up our contributions:

* RealGrasp, a large real-world 53-view RGB dataset (which we will release publicly) with over
362K frames captured across 11 objects, 4 subjects, 17 free-hand sequences, and 20 grasps per
object per subject.

* We model shape, appearance, and contact of hand—object grasping with neural representations

faithfully to images.

* RealGrasper, a generative CVAE that learns to synthesize photorealistic grasping given an object

and initial 3D hand pose from multi-view images.

3.2 Related Work

In this review of related work, we focus on datasets, grasp simulation, perception of hand-object

interactions, and representations.
Datasets: Datasets for human grasps are challenging to obtain because they need specialized hard-
ware, extensive human annotation, and significant post-processing to make them useful. Some datasets
use markers or special gloves to track the hand and object [34,36,40,41] but this hinders natural hand
motion and introduces changes in image appearance. Therefore, work has focused on manual anno-
tations [42-45], optimization [46], or automatic annotation [47] from RGB or depth. Many of these
datasets are limited to only 3D hand poses and lack information about hand surface and contacts. Syn-
thetic datasets [37, 48, 49] suffer from a domain gap that makes it challenging to generalize to real
data. Other datasets like InterHand2.6M [50, 51] are limited to hand only without any objects, while
others [52] focus on 2D understanding only.

ContactDB [12] and ContactPose [53] aim to address these limitations, and focus on scaling to
many users and objects. While ContactDB is captured using thermal imaging, ContactPose uses multi-
view RGB-D data. Both methods are limited to 3D hand poses only, objects are not real, and do not
have sufficient views to support neural field representations. In this chapter, we focus on providing a
high-quality dataset with sufficient views to support neural field representations, enable capture of both
appearance and geometry, and enable grasping models (including contact) to be trained from multi-view
images.

Simulation for Grasping: Due to challenges in capturing real data, there has been extensive work
on using simulation for modeling human grasps. Grasplt! [7] is one of the most widely used methods
and uses hand-designed heuristics and physics to obtain a final hand grasp pose given an object and

initial hand pose. More recent multi-finger grasp simulation methods rely on analytic methods [29—
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31,54] and can be used with a human hand model. Recently, D-Grasp [8] introduced a reinforcement
learning method for dynamics grasp syenthesis, and Grasp’D [32] introduced differentiable simulation
for grasping. ManipHand [10] combines marker-based motion capture with a learning-based approach
to synthesize manipulations of objects. All of the above methods suffer from a domain gap to real
data [33].

Perception for Grasping: Simultaneously in computer vision, significant work has studied capturing
hands interacting with objects [11,37,43,55-59]. Several methods combine perception with physical
constraints (proximity, contact, forces) during optimization or learning [35, 42, 60-62]. To make hand
shape and pose estimation easier, parametric hand models have been developed, notably MANO [2] and
Total Capture [63], which are used by several methods for pose estimation [38]. However, paramet-
ric/template hand models cannot capture hand boundaries well resulting in a mismatch between shape
and appearance. On the contrary, we propose to use template-free methods for obtaining hand and object

models with better shape—appearance alignment.

Representations: Recent advancements in coordinate-based neural networks, or neural fields [1], have
shown great success in encoding the geometry [64—66] and appearance [17,67,68]. For example, neural
radiance field (NeRF) [17] uses an MLP to model the density and color and achieves photorealistic novel
view synthesis. VolSDF [39] and NeuS [69] improve the geometry representation and reconstruction
of NeRF by deriving the density from a signed distance function (SDF) representing the distance to
the closest surface of the scene geometry. Instant-NGP [21], Plenoxels [70], and TensoRF [71] greatly
reduce the cost of building NeRF models. Many approaches also explore articulated neural fields to
model dynamic human body [18, 72-75]. LISA [76] proposes an implicit hand model, but code and
datasets are not publicly available. TAVA [18] proposes a template-free animatable neural representation
for dynamic actors (e.g., human bodies), which is robust to unseen poses. We show how neural field
representations, specifically TAVA [18] and VoISDF [39], can be used to build a neural representation
of grasps from real data.

3.3 RealGrasp Dataset

We first describe our RealGrasp dataset, in particular, the hardware capture system, capture protocol,
and annotation. The RealGrasp dataset was driven by three key considerations: (1) capture hands inter-
acting with objects without any markers or special sensors like depth or thermal cameras, (2) capture
both the appearance and geometry of grasps, and (3) support neural shape and radiance fields as rep-
resentations for learning grasping. Achieving this goal from purely RGB videos requires a multi-view
capture system with known camera poses. Many prior datasets (see Section 3.2) contain multi-view
images or video of hand grasps [34,46,47], but none have the large number of views needed to support
neural field representations or are limited to hands only [50]. Thus, we built a custom system to capture

a large 53-view real-world dataset of hand grasps.
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Figure 3.2: (Left) Our data capture system where hands, objects, and grasps are captured by 53 cameras.
(Right) Sample grasp frame from 12 out of the 53 views in our dataset.

Data Capture System: The data capture setup is shown in Figure 3.2 (left). It consists of 53 RGB
cameras uniformly located inside a cubical capture volume with each cube face consisting of 9 cameras.
The sides of the cube are illuminated evenly using LED lights with additional edge lights. Each RGB
camera records at 120 FPS with a resolution of 1280 x 720. This system capture both static (for objects)
and dynamic scenes (for hands and grasps). The cameras are software synchronized with a frame
misalignment of no more than 3 ms. The multi-view system is calibrated for camera intrinsics and
extrinsics using COLMAP [77, 78] with fiducial markers on the walls.
RealGrasp Dataset: RealGrasp is a large real-world multi-view RGB dataset of hands grasping natural
objects that we will publicly release. It contains 362K image frames: multiple views of 11 different
objects, 17 multi-view video sequences of free hand articulation with 4 subjects, and multiple views of
20 different grasps on each of the 11 objects for all 4 subjects. Of the total frames, we use 360K to
create neural hands, 636 frames for neural objects, and 1920 frames for grasp learning. Our goal is not
to compete with existing datasets on quantity, but instead we focus on enabling the use of neural field
representations for grasps. Figure 3.2 (right) shows some example data from our dataset.
Data Capture Protocol: Our capture protocol consists of four steps. First, we capture a sequence of an
empty scene for camera calibration and background subtraction. Next, we collect multi-view videos of
hands to build neural hand models (see Section 3.4.1), subjects reach their right hand into the center of
the box and move their hand in different motions. Then, we collect static multi-view images of objects
for neural object models (see Section 3.4.1). Finally, we record multi-view images of our subject’s hand
grasping the object in 20 different ways.
Automatic Annotation: The appearance and geometry of hand grasps are automatically extracted by
our method as described in Section 4.4. Apart from this, we also provide 2D and 3D hand joint locations
which we obtain from OpenPose [47] followed by 3D triangulation over the multi-view hand sequence.
Then, we use inverse kinematics optimization [22] to obtain the joint angles and global orientation of
the hand skeleton by optimizing them using gradient descent. We impose constraints to limit the degrees
of freedom and joint angles for the rotation of the bones as described in Figure 2 in the supplement. To
achieve temporal smoothness for the sequence, we apply the 1€ Filter [24] on the estimated parameters.
To segment the hand and object from the background, we use a combination of both traditional and

learning-based background subtraction methods [79, 80]. However, segmenting objects using the above
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methods fails in many cases due to complex object texture, so we use PhotoRoom [81], a commercial
application. To ensure segmentations are consistent across views, we first train InstantNGP [21] and

extract an alpha mask.

3.4 Method

We aim to accurately capture hands, objects, and grasps from real-world observations with the ulti-
mate goal of generating human grasps that are natural and realistic in terms of appearance, shape, and
physical contact. Prior work in grasping has struggled to faithfully capture the appearance of hand-
object interaction due to the limitations of commonly used mesh representations. We address this issue
by leveraging neural shape and appearance fields to represent visual details of hands and objects as de-
scribed in Section 3.4.1. Our neural representations are learned with only minimal supervision for 3D
hand and camera poses obtained using off-the-shelf methods [47,77].

In Section 3.4.2, we introduce our generative model RealGrasper, a conditional variational autoen-
coder (CVAE) [82] built on our neural representations to synthesize natural hand grasps given the en-
coded shape knowledge of the target object and initial hand pose. RealGrasper is trained solely on
multi-view videos of hands grasping objects without any other supervision to generate high-quality
photorealistic renderings of human grasps. In Section 3.4.3, we explain how the losses used to train

RealGrasper.

3.4.1 Neural Grasp Representation

Prior works in hand-object interaction (see Section 3.2) heavily rely on mesh representations of
object or parametric models such as MANO [2]. Due to the low dimensional nature of these template
meshes, they can result in misalignment when fit to images, which adversely affects the estimation of
hand-object contact and prevents the extensive study of real-world human grasping. Thus, it is important
to use a representation that can reconstruct the appearance and geometry of hands and objects faithfully
and avoid image misalignments. Inspired by the recent success of neural fields, we build an object
representation upon VolSDF [39] and a hand representation based on TAVA [18] to learn a neural rep-
resentation of hand grasps. These representations are derived from Neural Radiance Fields (NeRF) [17]
which encodes the geometry and view-dependent appearance of a scene as a continuous field of radi-
ance c(x, v) and volume density d(x) using a multi-layer perceptron (MLP) f : (x,v) — (c, d) where
x € R3is a 3D point and v € R3 is the corresponding viewing direction. The radiance field along each

camera ray r is given as:

N i—1
C(r) = Zﬂ(l — exp(—d;0;))c;, where T; = exp(— Z d;0;), (3.1
=1 j=1

d; 1s the distance between adjacent sample points on the camera ray and 7; denotes transmittance.
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Figure 3.3: To learn a neural representation of hand-object interaction, we train a neural radiance field
of static objects using VolSDF [39] and a dynamic neural hand model using TAVA [18] from RealGrasp
dataset captured by our multiview camera system.

Neural Object Representation: To accurately represent the shape and appearance of objects, we train
a VoISDF [39] model from multi-view images. VolSDF is a neural field that models the volume density
d as the Laplace’s cumulative distribution function ¥ of a learnable signed distance function (SDF):
d(x) = kU (—SDF(x)). The zero-level set of the SDF defines the shape of object’s surface. Such a
formulation of density improves the geometry reconstruction compared with vanilla NeRF representa-
tion. To render the VoISDF model of the object, we follow Equation (3.1), but the radiance ¢(x, v, n) is
also dependent on the level set’s normal n(x) = VxSDF(x). This representation allows us to synthe-
size realistic novel views as well as reconstruct the object shape of the object with high fidelity and use
it for grasp generation.

Neural Hand Representation: Unlike static objects, hands exhibit complex articulated poses and
neural representation adopted for objects lacks the capacity to model dynamic, deformable scenes and
articulated actors. To learn a neural representation of the hand model, we need the ability to animate the

hand and generalize to out-of-distribution poses unseen during training. Hence, we adopt TAVA [18], a
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Figure 3.4: RealGrasper architecture. We build on top of the CVAE model introduced in [83]. Given
the start pose Pg, geometry encoding G of the target object from Neural Object model, and the ground
truth target pose Pt, the decoder reconstructs the hand pose by sampling from the estimated posterior
from encoder during training. At inference, we can sample from the learned prior and generate novel
grasps from decoder given the conditional input Ps and G. The generated poses P can then be used to
synthesize novel views of realistic hand grasps and contact regions (red).

template-free animatable neural radiance field that allows us to drive the hand model given novel poses at
test time. The Neural Hand representation consists of a Lambertian neural radiance field that represents
the shape and appearance of hands, and a neural blend skinning function to animate hands. The neural
radiance field adopts Mip-NeRF [84]. The neural skinning function predicts skinning weights at each
3D points to blend all bone transformations using forward LBS-based deformation. We can render the
deformed hand using Equation (3.1) after finding the radiance c(x, v) and density d(x) of the sampled
points in their canonical space via inverse skinning. The Neural Hand model are trained solely on

multi-view images and 3D hand poses obtained from off-the-shelf methods [47].

Composite Grasp Representation: To model grasps, we combine the Neural Object and Neural Hand
models in a photorealistic way. To combine the two neural fields, we use an additive composition of
Equation (3.1) same as in [85]:

C(r) = ) Ti((1 — exp(—d76))cf + (1 — exp(—d}'5;))ey)
. (3.2)
= exp(— Z (d96; + dl*o;)
7=1

where c?, d? denotes radiance and density of the object and c dh denotes radiance and density of the
hand. In the end, we can synthesize a photorealistic rendering of the hand grasping the object given any

camera viewpoint.
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Contact Region Reasoning: The neural field representation also allows us to extract the contact field
between the object and the hand. Intuitively, contact is likely to occur in the vicinity of the object
surface where the hand volume density is high. Thus, we query the volume density of Neural Hand at
the sampled points close to the zero level set of the object SDF. If the density of a part of the hand is
above a high threshold at regions in close proximity to the surface of the object, we set a positive mask
for those parts of the hand and the contact field can be visualized using the mask which is visualized in

red in Figure 3.5.

3.4.2 Neural Grasp Generation

The goal of RealGrasper is to synthesize novel grasps for target objects. By utilizing a generative
model that learns to reconstruct a target hand pose from multi-view images of hands grasps given the
target object and starting hand pose, RealGrasper is able to produce plausible grasps without any ad-
ditional supervision. Built on Neural Grasp representation introduced in Section 3.4.1, our model can
synthesize high-quality appearance and geometry of novel grasps from arbitrary viewpoints and model
the contact between the hand and the object. Inspired by [83], we adopt a conditional variational autoen-
coder (CVAE) [82] architecture which formulates grasp reconstruction pg (Pt|Ps, G) as a latent variable
model as shown in Figure 3.4.

Input Parameterization: We take the 21-joint hand skeleton in OpenPose [47] and parameterize the
hand pose P = [t r J ®] as the translation t € R? and rotation r € R? of the root joint together with
joint positions 7 € R?°%3 and bone rotation ® € R?3 for the rest of the joints relative to the root joint.
Since the hand skeleton is subject to a kinematic structure and a certain range of configurations, we
can limit the degrees of freedom for the rotation of bones (see supplementary). The object geometry
encoding G = [SDF(J) S] consists of the SDF queried at the joint locations SDF(J) € R*, and
shape features S € R32 on the object mesh extracted from a pretrained encoder [86].

Conditional Prior: We first learn a conditional prior from which the latent variables z € R?* represent
the possible grasping motion transitions from the starting pose to the target pose on the object:

P (2|Ps, G) = N (2; i, 0),

which parameterizes a Normal distribution with mean y14 and variance fi4. estimated by an MLP. Intu-
itively, the distribution of possible grasping motion could vary given different starting poses and objects.
Thus, explicitly learning the prior helps the CVAE to generalize to diverse grasps and stabilize the train-
ing in our experiments.

Encoder and Decoder: The encoder learns the approximate posterior for training and parameterizes a
Gaussian distribution

QQ(Z‘P‘mPs?g) = N(Z7 ,LL@,O'Q)-

We use KL divergence loss to regularizes the posterior to be near the prior (see Section 3.4.3). Con-

ditioned on the latent variable z sampled from the encoder posterior, the starting hand pose and object
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Neural Grasp Representation Rendered Contact Region (red)

Figure 3.5: Contact Regions. The red highlighted part of the fingers grasping the cone indicates close
contact where the signed distance of the hand volume to the zero level set of the object is smaller than a
threshold.

geometry {Ps, G}, the decoder reconstructs the target pose P; during training thereby learning the like-
lihood py(P¢|2, Ps, G).

Generating Novel Grasps: At inference, the decoder takes the concatenation of the conditional input
{Ps,G} and sampled z from the learned prior py(z|Ps,G) to generate novel grasping poses P. The
generated grasping hand pose can be applied to synthesize photorealistic hand using our trained Neural
Hand model. Since Neural Object and Neural Hand use radiance field representation, we can jointly
render them using volumetric rendering in Equation (3.2) (see Section 3.4.1). During training, we can
optimize the rendering loss between the synthesized composite hand-object image and the captured

image, as explained in the next section.

3.4.3 Model Training and Loss

We first train Neural Object and Neural Hand following the original training setup in VolSDF [39]
and TAVA [18] using multi-view images of objects and hands in our RealGrasp dataset. We then train
RealGrasper with multi-view grasp images and hand poses to reconstruct grasp poses given initial hand
pose and object encodings. The variational lower bound of the CVAE [82] is optimized while Neural
Object and Neural Hand are fixed:

log pg(P|Ps, G) = Ellog py(Pe|z, Ps, G)]

3.3)
—K L(gs(2|Pt, Ps, G)[ps(2|Ps, 9)),
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Hands Objects

subject] subject2 subject3 cat dog couch cup table carl car2 car3 pyramid prism cone
PSNRT  23.81 25.04 2438 3593 3271 23776 20.81 29.92 24.65 23.19 23.57 3721 37.68 37.25
SSIMT  0.87 0.81 0.78 095 094 079 082 091 0.84 087 087 097 098 0.97

Table 3.1: We report PSNR and SSIM as a measure of visual appearance quality of our representations
Neural Hand and Neural Object on all subjects of hands and objects in our RealGrasp dataset. The
higher the score the better the image quality.

where the first term measures the reconstruction error L 7 of the decoder and the KL divergence Ly
regularize the posterior distribution approximated by the encoder to be close to the prior. In addition, we
impose a rendering loss L4, on the composited image of the generated hand grasp, and a regularization
loss to encourage physically plausible contact Leoptact- In sSummary, our training loss consists of four

terms:
L =Lg+ aLig + BLrgy + ALcontact, (3.4)

where «, 3, A are hyperparameters to balance the loss terms. The primary objective of the model during
training is to minimize the reconstruction error between the joint locations of the target hand J; and the
generated hand j :

Ly =7~ JI*. (3.5)

We encourage the posterior distribution to be close to the estimated prior distribution by minimizing the
KL divergence:
Lice = KL(N(z; po, 09)||N (2; 1, ). (3.6)

The volumetric rendering loss L;.¢, between the final synthesized image and the ground truth image is
similar to the photometric loss in NeRF [17]:

Ligp = > _|C(r) - C(x)]|. 3.7)

To avoid penetrating the object, we add a soft regularization to penalize negative distance to the object
surface at hand joints:

Lcontact = — Z(l _|_ eXp—kuS'DF(X))—l’ (38)
xeJ

where k is a hyperparameter set to 20.

3.5 Experiments & Results

In this section, we show results and evaluate various components of our method including the quality

of our dataset, representation, grasping, and ablate on design choices.
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- -
Before Contact Loss After Contact Loss
Figure 3.6: Contact Loss Ablation. The left image shows the generated grasp when no contact loss is

used. The right image shows a more plausible grasp generated when applying the contact loss demon-
strating the effectiveness of the contact loss as a regularizer to discourage penetration.

Training MPJPE| Test MPJPE|

car2 cup cone carl prism

w/ shape encodings  2.23 1.98 0.55 453 3.64
w/o shape encodings 3.20 4.85 2.56 495 452

Table 3.2: We show that the MPJPE errors of grasp pose reconstruction without shape encodings is
consistently greater on both training and test objects. This indicates that shape encoding is critical to
our model. We multiplied the error numbers by 1000 to adjust the scale.

Implementation Details: Our model is implemented in PyTorch Lightning. The CVAE of RealGrasper
is implemented using MLPs with 8 layers and Leaky ReLU as activation. We use ADAM optimizer
with a learning rate of 5e~* and batch size of 1 with gradient accumulation of 8 batches for training on
a single RTX 2080Ti GPU. We train Neural Hand for each subject on four Tesla V100 for 72 hours and
Neural Object on one V100 for 16 hours. We set the loss weights « = 1.0, 8 = 1.0, A = 1.0. To train
the Neural Grasp, we consider 9 objects for training and 2 objects (prism and carl) for test split out of
total 11 objects.

Dataset Quality: The hand pose estimation using OpenPose sometimes yields incorrect or missing
keypoints for certain frames. We filter invalid frames by checking if the tracked hand skeleton is com-
plete. After filtering, 95% of the frames in our dataset are reliable. Finally, we perform histogram

equalization to improve the image contrast.
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Figure 3.7: Visualization of generated grasps and contact from RealGrasper given input object and
initial hand pose shown in different views. The right column shows grasp synthesis on same input using
Neural Hand model from different hand subject, which does not appear during training. The results
demonstrate our grasp generation model can generalize to different hand subjects.
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Figure 3.8: Qualitative comparison with GraspingFields [11]. Our RealGrasper enables photo realistic
rendering of hand-object grasping. We demonstrates more human-like natural grasps of the couch model
and cup compared with Grasping Field and visually appealing rendering quality.
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Figure 3.9: Variation of Hands, Objects and Grasps: Our framework learns hand representations
from different subjects incorporating subject’s unique characteristics. We can swap hands and objects
to generate various grasps in a plug and play manner. Hence, for a certain object, we can show variety
of grasps with different hands.

3.5.1 Representation Evaluation

In this section, we evaluate the quality of our neural field representations of the hand, object and
grasps.
Quantitative Evaluation: We measure the visual quality of our neural representation using PSNR
and SSIM metrics (higher is better) on our RealGrasp dataset (see Table 3.1). For Neural Object and
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Neural Hand, we render five novel views and report the average metric value for all 3 hand subjects and
11 objects. Our PSNR quality is consistently over 25, with a few objects yielding lower PSNR/SSIM
scores due to theur small size. To our knowledge, ours is the first neural field-based representation for
grasping, thus there are no other methods we can compare against.

Qualitative Evaluation: We perform qualitative evaluation and visualize renderings of the novel grasp
poses with varying novel views across multiple objects and associated contact field as well as rendering
of same object grasps with different neural hand representations learnt on different individuals, as shown
in Figure 3.7. Our proposed representation is able to produce realistic novel views of grasps for various
combinations of hands and objects.

3.5.2 Comparison to Previous Work

To our knowledge, we are first method to model grasping using neural fields from real multi-view

image data. However, this makes it challenging to directly compare with previous work. Works such as
Grasp’D [9] and D-Grasp [8] are based upon physics simulation while others use parametric models [35,
38]. Furthermore, these methods work by taking object’s geometry as their input and do not model
appearance. On the other hand, our method can be trained and evaluated by considering only images as
input. We therefore provide qualitative comparisons with GraspingFields [11] to show the difference in
the quality of grasps and renderings.
Qualitative Comparisons: We show qualitative results with Grasping Field on two objects car and
couch as shown in Figure 3.8. Both of the methods are able to grasp the object similarly, but our method
produces better contact compared to Grasping Fields. Additionally, our method models appearance,
can generate superior photo-realistic composite rendering of the grasp from arbitrary viewpoints, and
implicitly extracts contact regions.

3.5.3 Ablation Study

We ablate on different components of our method, in particular, contact loss and the need for shape
encodings.
Effect of Contact Loss: We perform an ablation on the impact of contact loss on the performance of
our results. Contact loss acts as a regularizer in the total loss term which penalizes the network to make
predictions inside the object mesh. Specifically, contact loss acts as a soft regularizer if the SDF of the
object at the joint bone locations is negative. We show in Figure 3.6 that the contact loss improves the
physical contact between hand and object.
Effect of Shape Encodings: To condition our CVAE on the shape information about the object shape,
we use [86] to encode the shape. This allows us to integrate local information and incorporate transla-
tional equivariance in the form of shape encodings. To test our hypothesis, we do two experiments one
with shape encodings and another without shape encodings and report Mean Per Joint Position Error
(MPJPE) on both training and test objects as shown in Table 3.2. The MPJPE measures Euclidean error
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averaged over all hand joints. Results show that shape encoding is essential to provide knowledge of the
object shape to help training the CVAE.

3.6 Conclusion

In this chapter, we addressed the dataset and representational challenges in understanding human
grasping from multi-view video. We introduced RealGrasp, a large frame multi-view RGB dataset
designed to support neural field representations to model grasping. It consists of over 362K frames
spanning 11 different objects, 4 subjects, 17 free-hand sequences, and 20 grasps per object per subject.
We then showed how this data can support the representation of hands, objects, and grasps as neural
fields. Finally, we use the neural representations to train RealGrasper, a grasping model that generates
plausible grasps given an object and initial hand pose.

Limitations and Future Work: Our approach has several limitations. First, our dataset is currently
limited in the number of objects/subjects and only static grasps — we plan to extend this work to dynam-
ics grasps and in-hand manipulation. Our neural models take a significant amount of time to train and
generate composites which we hope to address by investigating faster neural fields [21,70]. Despite de-
signed loss functions to avoid collision, our model could still fail at inference when the hand and object
penetrate. We consider our method to be the first step towards building large-scale generative grasp and

manipulation models from multi-view data.
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Chapter 4

MANUS: Markerless Grasp Capture using Articulated 3D Gaussians

In the previous chapter, we discussed RealGrasper, a novel grasp generation method. Despite its
promising results, RealGrasper had limitations due to the difficulty in calculating contacts because of
its implicit representation. Additionally, both training and inference with this method were slow.

In this chapter, we explore an alternative method called Gaussian Splatting [19], which features
an explicit representation using Gaussian and offers rapid optimization and inference. We leverage
this representation to address another challenge in the literature: markerless grasp capture for accurate
contact estimation.

To this end, we present MANUS, a method for Markerless Hand-Object Grasp Capture using Articu-
lated 3D Gaussians. We build a novel articulated 3D Gaussians representation that extends 3D Gaussian
splatting for high-fidelity representation of articulating hands. Since our representation uses Gaussian
primitives, it enables us to efficiently and accurately estimate contacts between the hand and the ob-
ject. For the most accurate results, our method requires tens of camera views that current datasets do
not provide. We therefore build MANUS-Grasps, a new dataset that contains hand-object grasps viewed
from 53 cameras across 30+ scenes, 3 subjects, and comprising over 7M frames. In addition to extensive
qualitative results, we also show that our method outperforms others on a quantitative contact evaluation

method that uses paint transfer from the object to the hand.

4.1 Introduction

Every day, the average person effortlessly grasps more than a hundred different objects [25, 26].
This seemingly routine act of grasping poses a significant challenge for machines, as is evident from
the extensive research on this topic in computer vision [28] and robotics [27,87]. High-fidelity capture
of natural human grasps could unlock new applications in areas like robotics and mixed reality, but
this challenging problem first requires us to accurately estimate the contact between the hand and the
object [12].

Previous work has addressed this problem by using gloves or special sensors [41, 61], but these
devices are cumbersome and restrict hand movement. Therefore, a large body of work has focused on

markerless grasp capture using one or more cameras [4,42,43,46,53].
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Figure 4.1: We introduce MANUS, a novel markerless approach for capturing grasps by employing
an articulated 3D Gaussian representation to accurately model hand shapes. This approach improves
contact estimation accuracy in comparison to other template-based approaches when evaluated against
ground truth contacts.

Most of these methods use skeletons [46], meshes [43], or parametric models [2, 63] to model the
hand and object. Although these representations are flexible and easy to use, they often cannot accu-
rately model hand shape resulting in reduced contact accuracy (see 4.1). Recently, articulated neural
implicit representations [17,76,88] have been proposed as alternatives, but modeling contact in implicit

representations is challenging and requires expensive sampling.

To overcome these limitations, we introduce MANUS, a method for markerless grasp capture using
articulated 3D Gaussians. The key component of MANUS is a 3D Gaussian splatting [19] approach
to build MANUS-Hand, an articulated hand model composed of 3D Gaussians that make it faster to
optimize and infer than many implicitly-represented models. Similarly, we also capture the object using
static 3D Gaussians. Since both MANUS-Hand and the object are modeled using Gaussians primitives
with explicit positions and orientations, we can efficiently compute both instantaneous and accumulated
contacts between them. When trained on datasets with tens of camera views, our method can accurately
capture grasps since 3D Gaussians promote accurate pixel-level alignment resulting in more precise

shape and contact estimation compared to existing methods.

Previous datasets [3,5,12,37,46,51, 89,90] have been instrumental in addressing the grasp capture
problem but (1) they use specialized hardware (heat-sensitive cameras [12], or markers [3]) to capture
hand-object grasps, making it hard to scale, (2) RGB camera-only datasets [4,5, 16,53], contain only a
few views with occlusions making it hard to learn accurate contacts, and (3) they rely on the parametric
models or skeletons to estimate contacts resulting in inaccurate contacts. Qur main insight is that
accurate contact modeling is much easier with a large number of camera views that reduce the
effect of (self-)occlusions. Therefore, we curated a one-of-a-kind real-world multi-view RGB dataset,

MANUS-Grasps, comprising over 7M frames captured using 50+ high-framerate cameras, providing
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a full 360-degree coverage of grasp sequences occurring in over 30 diverse everyday scenarios. In ad-
dition, this dataset contains 15 evaluation sequences that employ wet paint on objects to leave a contact
residue on the hand [91] providing a natural way to evaluate contact quality without additional equip-
ment or annotation. We show extensive experiments ablating and justifying different components of
MANUS-Hand, as well as the MANUS grasping method. In addition, we also provide a new metric
of contact quality to assess the performance of MANUS against template-based methods. While our
method is not designed for photorealism, we observe that the captured grasping sequences are compa-
rable in visual quality to the best implicit hand models.

To summarize, our contributions include:

« MANUS-Hand, a new efficient representation for articulated hands that uses 3D Gaussian splat-

ting for accurate shape and appearance representation.

* MANUS, a method that uses MANUS-Hand and a 3D Gaussian representation of the object to

accurately model contacts.

» MANUS-Grasps, a large real-world multi-view RGB grasp dataset with over 7M frames from
50+ cameras, providing full 360-degree coverage of grasps in over 30 diverse everyday life sce-

narios.

* A unique and novel approach to validate contact accuracy using paint transfer between the object
and the hand.

4.2 Related Work

Representations: Skeletons and collections of shape primitives were some of the first representations
to be used for hand—object interaction modeling [42,61], but these representations are often not accurate
enough for contact estimation. Meshes [43] and parametric models [2,63] are currently the most popular
alternatives but can also be misaligned with observations due to their lower-dimensional representation
(see 4.1).

Coordinate-based implicit neural networks, or neural fields [1], have shown great promise in ac-
curately modeling shape and appearance in static scenes [17, 19, 21, 39, 64-71] as well as dynamic
scenes [92-97]. Several methods specifically address articulated shapes [18] like human bodies [18,72-
75], or hands [76, 88,98-100]. However, they use representations that are inefficient for sampling and
contact estimation. In contrast, we propose a new articulated neural field representation that extends 3D
Gaussian splatting [19] to hands enabling efficient training/inference and contact estimation.
Hand-Object Interaction Capture: Previous work has attempted to model hand-object interactions
using skeletons [16, 46], or customized meshes [43] as the hand representation without explicitly es-
timating contacts. Most other work [3-5, 37, 89] uses MANO in combination with mocap, or one or
more camera views. While it becomes easier to estimate contact with a parametric mesh model, mis-

alignments are still common (see 4.1). To overcome the difficulty of accurate contact estimation, some
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methods resort to physical simulation [8,9, 101], but these are limited to synthetic grasps only. In con-
trast, we propose a template-free articulated 3D Gaussian splatting model that provides a natural way to
estimate accurate contacts.
Grasp Datasets Datasets for human grasps are challenging to obtain because they need specialized
hardware, extensive annotation, and significant post-processing to make them useful. Some datasets
use markers or special gloves to track the hand and object [34,36,40,41] but this hinders natural hand
motion and introduces changes in image appearance. Synthetic datasets [37,48, 49] suffer from a do-
main gap that makes it challenging to generalize to real data. Therefore, work has focused on manual
annotations [42-45], optimization [46], or automatic annotation [4,47] from RGB or depth. Many of
these datasets provide only 3D hand poses and lack information about contacts. Other datasets like
InterHand2.6M [50, 51] are limited to hands only without any objects, while others [52] focus on 2D
understanding only. Addressing these limitations, HOnnotate [46] introduces a markerless system for
automatically annotating frames across 77K frames. However, the variety of objects and grasps in
this dataset is somewhat limited. ContactDB [12] and ContactPose [53] address this limitation targets
a broader variety of grasps. While ContactDB is captured using thermal imaging, ContactPose uses
multi-view RGB-D data. Nonetheless, both methods are restricted to 3D hand poses, use non-realistic
objects, and lack sufficient views for neural fields.

In contrast, we introduce MANUS-Grasps that includes diverse grasps from 50+ cameras capturing
at 120 FPS specifically to support neural field methods. In total, we provide over 7M frames with ground

truth camera poses, segmentation, and estimated contacts.
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Figure 4.2: MANUS-Hand is a template-free, articulable hand model learned from multi-view hand
sequences which utilizes 3D Gaussian splatting representation for accurate modelling of the shape and
appearance of hands.

4.3 Background

We briefly summarize recent advances in modeling radiance fields of static and dynamic scenes using
3D Gaussians [19,97,102]. Our method (see 4.4) extends the 3D Gaussians representation to articulated
objects like the hand, and for grasp capture.
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Figure 4.3: MANUS leverages a driving pose to get MANUS-Hand in grasp scene. It is combined with
an object model to get instantaneous and accumulated contacts between the two.

Static 3D Gaussians Given multi-view images and a sparse point cloud of the scene, a set of 3D Gaus-
sian primitives can be defined across world space € R**! as,
G(z) = e @ W = @—n)
here each Gaussian primitive has 3D position (1), opacity, anisotropic covariance matrix (2), and
spherical harmonic (SH) coefficients. During the training of the radiance field, the properties of the
initial 3D Gaussians are optimized together with a tile rasterizer [19] with the objective of minimizing
pixel loss.
Dynamic 3D Gaussians The 3D Gaussians approach has recently been extended to dynamic scenes [19,
102]. [102] introduces a deformation field that tracks the Gaussian position across timesteps. Simi-
larly, [97] enable Gaussians to move and rotate over time while maintaining their color, opacity, and
size. While these methods can capture dynamic and deformable scenes, they do not provide a way to
control dynamic motion, e.g. , using a skeleton. Furthermore, in these methods, Gaussians are free
to move within the scene without any restrictions, which isn’t suitable for representing hands due to
their kinematic structure. An articulated 3D Gaussians representation would be advantageous for grasp
capture since it would enable low-dimensional skeleton-based control of the hand.

4.4 Method

MANUS aims to perform markerless capture of human hand grasps by accurately estimating the

shape, appearance, and contacts between the hand and the object from multi-view RGB videos. We
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Dataset #N Images Annot. Type
(Views)

w/o Contacts Annotation
H20-3D [90] 76k (5) multi-kinect

FHPA [41] 105k (1) magnetic
HOI4D [89] 2.4M (1) single-
manual

[51] 37k (8) semi-auto
[46] 78k (1-5)  multi-kinect

[4] 582k (8) multi-
manual
[5] 2.1M (9) mocap

w/ Estimated Contacts Annotation
2.9M (3) multi-kinect
[53]
[3] -0() mocap
[16] 571k (5) multi-kinect

w/ Ground-Truth Contacts Annotation

™ (50+) multi-auto

Table 4.1: Dataset Comparison of existing Real World Datasets. The hands in previous datasets are
represented by skeleton and . Different from other works, we use to model the hand.
The keyword “‘single/multi-manual” denotes whether single or multiple views being used to annotate
manually.

achieve this by combining MANUS-Hand with an object model, both represented as 3D Gaussians,
enabling us to compute contacts more efficiently than sampling-based implicit representations. 4.3

provides an overview of our method.

44.1 MANUS-Hand

Our template-free, articulated hand model MANUS-Hand adopts 3D Gaussian splatting as the repre-
sentation for accurate shape and appearance modeling of hands. Our model can be trained on sequences
from any multi-view dataset to build an articulable hand model at any novel pose.

Representation MANUS-Hand (see 4.2) is composed of a skeleton with 21 bones and has 26 degrees
of freedom (check supplementary for bone-specific DOFs). We built a custom pose estimation pipeline
that uses AlphaPose [20] to estimate the 3D joint positions followed by an inverse kinematics fit (check
supplementary). Since bone lengths can vary among different individuals, we estimate these lengths
from the dataset and adjust the skeleton accordingly. The unique shape and appearance of a person’s

hand in a canonical pose are determined by the states of 3D Gaussians, i.e. , positions u, covariances
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3], opacities «, and spherical harmonics coefficients ¢. The covariance of each Gaussian in the canon-
ical space is further defined as ¥ = RSST R, where R and S denote the rotation and scaling of the

Gaussians.

Optimization A unique MANUS-Hand is optimized separately for each subject from a dense multi-
view dataset containing approx 20 hand poses. To initialize Gaussian states in MANUS-Hand, we set
their means to be points on a normal distribution centered at the midpoint of each bone in a canonical
hand pose, with the distribution’s standard deviation adjusted to match the bone’s length (as shown in

4.2). We follow a similar protocol as [19] to initialize the covariances, opacity, and SH coefficients.

To get the Gaussian positions in the posed space, forward kinematics and linear blend skinning is
applied to the canonical Gaussians. One way to obtain skinning weights is to assign MANO weights [2]
directly to the closest Gaussians. However, this approach results in artifacts because Gaussians could
move in unpredictable ways during training leading to mismatched skinning weights (visualized in abla-
tion study) To address this, we create a canonical grid inspired by Fast-SNARF [103]. Skinning weights
are then allocated to grid voxels using the nearest neighbor method, termed as grid weights. Now to
obtain the skinning weights for the queried Gaussians W in the canonical space, trilinear interpolation
of these grid weights is performed. We calculate the transformed Gaussian positions using a per-bone
transformation matrix, denoted as 7} and linear blend skinning: T, = W'y, p, = Tyu, where py,
represents the location of Gaussians in the posed space, and T, represents the transformation matrix for
each Gaussian. To compute the covariance of the Gaussians in the posed space, it is transformed using
a rotation matrix R, derived from T},. This is expressed as X, = RgER;‘]F. Regarding the appearance,
we optimize spherical harmonics coefficients for each Gaussian ¢, in the canonical space. To get the
colors in the transformed or posed space, the view direction from posed space vy is first converted to
the canonical space v¢ as v = Tgflug, using T}, for each Gaussian. After this step, we use these
transformed view directions g to query the spherical harmonics coefficients in canonical space and
get corresponding RGB colors for each posed Gaussian. To get the final image rendering, all Gaussian

states currently in the posed space are used as inputs to a differentiable rasterizer [19], denoted as R
I: R(lupaVCaEpva7¢)7 (41)

where 7 is the rendered image. During optimization, the Gaussian states are optimized using to min-
imize pixel loss on the posed hand. To optimize all Gaussian states, we impose a rendering loss
L1 = ||Z — Z|| and structural similarity [104] loss Lgs7as between synthesized image Z and ground
truth image 7 of the posed hand. To further improve the perceptual quality of the synthesized images,
we add an additional perceptual loss Lpe,. [105].

To avoid highly anisotropic Gaussians that could cause artifacts in the contact rendering, we incor-
porate an isotropic regularizer which ensures optimized Gaussians remain as isotropic as possible. If

ming € R3 and max, € R? are the minimum and maximum scale of the optimized Gaussians, then
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isotropic regularizer L;s, is defined as

ming

Liso = ( - 3)27 4.2)

maxs

where s is set to be 0.4. Our final loss function is Ly, = aL1 + BLssrm + YLperc + 0Liso.

Inference Once the Gaussian states are optimized, we can drive MANUS-Hand using a skeleton ob-
tained from our pose estimation pipeline (check supplementary). Given a novel pose during the infer-
ence, MANUS-Hand outputs the transformed Gaussians as well as the rendered image from a particular

View.

4.4.2 MANUS: Grasp Capture

While MANUS-Hand enables high-fidelity articulated hand modeling, it is not designed for captur-
ing grasps and contacts. To capture grasps, we need a representation of the object as well as a method
to estimate contacts.

Object Representation For accurate representation of objects, we build a non-articulated Gaussian rep-
resentation following 4.4.1 with some improvements to maintain geometric consistency and accuracy.
To prevent floaters during optimization, we prune outlier Gaussians by projecting on image and culling
if they lie outside the object mask.

Grasp Capture To capture the grasp in a particular sequence, we first articulate MANUS-Hand using
the estimated hand pose. We then construct the object model as described above. Next, we combine
both hand and object Gaussians. More specifically, if GG}, and G, are the hand Gaussians and object
Gaussians in the grasp scene, we simply concatenate the Gaussians Gy = {G,, G} }. Because we use
Gaussian Splatting, it allows such a concatenation operation naturally — this would not be possible with
implicit representations [18, 76, 88]. As the rasterization module only requires a set of Gaussians and
their states, we can seamlessly merge hand and object Gaussians for every frame. The final grasp image
is given by a rasterized composition of these Gaussians using 4.1.

Contact Estimation The contact map is calculated based on the proximity in 3D space between hand
and object Gaussian positions. For each Gaussian on the hand, we find the closest Gaussian on the
object. This pair is considered to be in contact if their distance is less than a certain threshold, and the
same applies when assessing contact from the object’s perspective. Specifically, if G}, represents the
Gaussians on the hand and GG, those on the object in the posed space, then the 3D contact map between

them is defined as:
o= d(Gp,G,), ifd(Gr,Go) <T ’
0, otherwise
where d represents the pairwise Euclidean distance between the Gaussian locations. A contact is con-
sidered to have occurred if this distance is less than 7, which is the predefined threshold for contact. We
then use this method to estimate two kinds of contact maps on the hand and object: (1) an instantaneous

contact map that denotes contact at a specific timestep, and (2) an accumulated contact map that de-
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notes contact after the grasping has concluded. To get the accumulated contact map C.. we simply add
the previous frame’s accumulated contact map to current frame. For rendering contact maps, we employ

4.1 using the contact distance as the color value of each Gaussian.

4.4.3 MANUS-Grasps

For our grasp capture method to work well, a key requirement is a multi-view RGB dataset with
tens of camera views that help resolve self-occlusions. Many prior datasets and 4.1) contain multi-view
images or video of hand grasps [34,46,47], but none have the large number of views needed to support
neural field representations or are limited to hands only [50]. We therefore present MANUS-Grasps, a
large real-world multi-view RGB grasp dataset with over 7M frames from 50+ cameras, providing full

360-degree coverage of grasp sequences comprising of 30+ diverse object scenes.

Capture System Our customized data capture setup consists of 53 RGB cameras uniformly located
inside a cubical capture volume with each cube face consisting of 9 cameras. The sides of the cube
are illuminated evenly using LED lights. Each RGB camera records at 120 FPS with a resolution of
1280 x 720. The cameras are software synchronized with a frame misalignment error of no more than
3 ms. The multi-view system is calibrated for camera intrinsics and extrinsics using COLMAP [77,78]

with fiducial markers on the walls.

Capture Protocol Our capture protocol consists of four steps. First, we recorded multi-view videos
of a subject’s right hand as they performed a brief articulating movement. Next, we capture only the
object without the hand. Then, without moving the object, we record multi-view videos of the subject’s
hand grasping the object. We repeat this process 30+ times per subject with 2-5 grasps per object scene.
For evaluation sequences, we additionally capture a canonical pose at the end to record accumulated

contacts seen in the transferred paint (see below).

Ground Truth Contact A unique feature of our dataset is the capture of 15 evaluation sequences where
the object has wet paint during the grasp [91]. As a result, paint is transferred to the hand resulting
in visual evidence of contact. This contact mark is a physically accurate representation of the true
(accumulated) contact between the hand and the object making it the true ground truth (even methods
like [12] suffer from heat dissipation). We chose a bright green paint to enable automatic segmentation

thereby creating a gold standard for contact evaluation.

Data Annotation MANUS-Grasps also provides 2D and 3D hand joint locations along with hand and
object segmentation masks. We obtain the joint locations from AlphaPose [20] followed by 3D trian-
gulation and inverse kinematics [22]. We impose constraints to limit the degrees of freedom and joint
angles for the rotation of the bones. To achieve temporal smoothness for the sequence, we apply the
1€ Filter [24] on the estimated parameters. To segment the hand and object from the background, we
use the Segment Anything Model (SAM) [106] followed by fitting an Instant-NGP model [21] to extract

a binary mask to ensure multi-view consistency.
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Figure 4.4: Here we show our contact estimation results on novel views for a variety of objects. We show
both instantaneous and accumulated contacts for the hand in a canonical pose. Best viewed zoomed.
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Figure 4.5: Contact Comparisons: We compare accumulated contacts of MANUS with that of MANO
and HARP on ground truth contacts from MANUS Grasps dataset. It’s visible that our contacts are far
more accurate and closer to the actual ground truths.
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4.5 Experiments and Results

In this section, we show qualitative and quantitative results from our method. Our goal is to evaluate
both the MANUS-Hand and the MANUS grasp capture method, and compare with existing methods.

4.5.1 Evaluating MANUS-Hand

Subject 1 Subject 2
<
=
I
=
(<]

Figure 4.6: Qualitative comparison of MANUS-Hand with LiveHand [88] and TAVA [18]. It’s notewor-
thy that our renderings closely resemble those of LiveHand and surpass TAVA in quality, even in the
absence of any components designed to enhance photorealism.

We first show results and experiments related to MANUS-Hand only. We quantitatively as well
qualitatively assess the visual quality of our hand model with the current state-of-the-art method Live-
Hand [88] and TAVA [18].

Metrics, Dataset & Setup: We assess the visual quality of our hand model using PSNR, SSIM,
and LPIPS metrics (where higher scores indicate better performance) on the Interhand2.6M dataset,
as shown in Table 4.6. We used two subjects from Interhand2.6M (Capture0O and Capturel), focusing
on the “ROMO07-RT-Finger-Occlusions” sequence from the test set. We allocate 75% of the data for
optimizing and use the remainder for evaluation.

Quantitative Evaluation: MANUS-Hand is not specifically designed for photorealism since we leave
out ambient occlusion and shadow mapping and focus only on geometric accuracy. As shown in Ta-
ble 4.6, our results outperforms TAVA however LiveHand emerges as the best in terms of the evaluated

metrics (PSNR/LPIPS), which significantly penalize the absence of ambient occlusion and shadows
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(also mentioned by [18]). We want to emphasize that our primary goal is not to surpass existing hand
models in terms of visual quality. Instead, our focus is on accurate contact estimation. LiveHand and
TAVA both learn implicit volumetric density field which makes calculating contact maps complicated
& expensive, whereas our Gaussians-based approach is more efficient. The comparison with LiveHand

and TAVA is intended to demonstrate our comparable visual quality despite not being designed for it.

Qualitative Evaluation: We conducted a qualitative comparison of our MANUS-Hand with TAVA [18]
and LiveHand [88], as shown in Figure 4.6. The quality of our renderings is superior to TAVA [18] and
is on par with that of LiveHand. In conclusion, despite not being tailored for photorealism, our method
demonstrates substantial potential for application in photorealistic contexts.

4.5.2 Evaluating Grasp Capture

Next, we evaluate our MANUS method for grasp capture. In this chapter, we assume that direct
contact between the hand and the object is the primary mode of grasping (we ignore indirect grasping
through tools). Therefore, the goal of grasp evaluation is to objectively measure the accuracy of contacts.
We compare three methods: (1) MANO [2] fitting methods, (2) HARP [100], and (3) our MANUS
model.

Metric, Dataset & Setup: In our experiments, we use the wet-paint transfer method [91] to accu-
rately collect ground truth accumulated contacts (see Section 4.4.3). After grasp completion, users are
instructed to return to a canonical post-grasp pose. In this pose, the green paint residue in the grasping
hand is automatically segmented and 2D contact maps are rendered from 10 different views (details
in supplementary) using [21]. We then assess the quality of grasps estimated by different methods us-
ing the Intersection over Union (IoU) and F1-score metrics. All experiments use 15 sequences of our
wet-paint evaluation sequences. We set the distance threshold 7 = 0.004 for contact estimation for all
methods. For a fair comparison, we subdivide the meshes of MANO and HARP from 778 to 49,000
vertices before estimating contact. For estimating contact masks in all methods, we utilize the ’gray’
color map [107] on the distance map. The contact masks for MANUS are rendered using [19], while for
the other two frameworks, they are rendered using the emission shader in Blender. It’s noteworthy that
MANUS consistently outperforms the others in the contact metric across all three subjects as shown
in Table 4.2.

Qualitative Evaluation: We also present a qualitative comparison of our contact results against those
obtained using MANO and HARP in Figure 4.5. Our method shows a more accurate representation
of the contact area, closely matching the actual contact masks, unlike the over-segmentation observed
in MANO and HARP methods. Although our method outperforms others, we note that there is still

significant room for improvement on our dataset for future methods to address.
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Method Subjectl Subject2 Subject3

mloU 1

MANO  0.161 0.135 0.208
HARP 0.173 0.148 0.224
Ours 0.206 0.152 0.275

F1 score 1

MANO 0.270 0.228 0.338
HARP 0.28875 0.2474 0.361
Ours 0.335 0.251 0.424

Table 4.2: Comparison of MANUS grasp capture approach with MANO and HARP on contact metric.
Note that, we perform consistently better in both metrics.

4.6 Ablation Study

4.6.1 MANUS-Hand

Initialization of Skinning Weights: We observe that the choice of method used to initialize skinning
weights significantly influences the performance of our hand model. As demonstrated in Figure 4.10
(a), initializing skinning weights directly onto Gaussians using a nearest neighbor approach, as opposed
to grid initialization, leads Gaussians to move erratically and shift towards an unrelated bone. Conse-
quently, this misalignment results in artifacts, where skinning weights are incorrectly allocated to the
wrong bone, causing the position to be associated with the incorrect bone. The impact of this method of
initialization is presented both quantitatively and qualitatively in Table 4.3 and Figure 4.9.

Ablation on LPIPS loss: We observed that LPIPS loss improves the quality of renderings and maintain
consistency across views. We also demonstrate that LPIPS loss function improves the overall visual
quality of our hand model qualitatively at Figure 4.9 and quantitatively at Table 4.3.

Figure 4.7: We display a comparison of the pixel misalignment between projected Gaussians and the
MANO mesh against a reference image.
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Alignment with image pixels: We now demonstrate the pixel-alignment results of MANUS-hand
and MANO in Figure 4.7. Due to inherent design and photo-metric losses, our hand representation is
pixel-aligned to reference image, resulting in reduced alignment as compared to that of MANO.
Benchmarking MANUS Grasp scenes: We also evaluate our MANUS Hand and Object method in
Table 4.4 using the data included in the MANUS Grasp dataset. The well-lit scenes and the absence
of harsh shadows in our dataset lead to improved evaluation metrics when compared with those of the
InterHand2.6M dataset.

4.6.2 MANUS Grasp Capture

Affect of the number of Gaussians in contact map rendering: We show in Figure 4.10(b) that
the quality of accumulated 2D contact maps deteriorates when the number of Gaussians is reduced.

Therefore, in our experiments, we make sure to densely initialize Gaussians for both objects and hands.

Method PSNR 1 SSIM 1 LPIPS | Test time (s) J

w/o grid 26.108 0.987 0.0729 0.0082
w/olpips 2592 0986 0.074 0.043
Ours 26.328 0.9872 0.0688 0.043

Table 4.3: Ablation on weight initialization approach and choice of LPIPS loss. Our design approach
improve all visual quality metrics.

4.7 Implementation Details

Our method was implemented in Python using the PyTorch Lightning [108] framework. All exper-
iments were conducted using a single Nvidia RTX3090 GPU with gradient accumulation for 4 itera-
tions. The weights of the different loss function terms - «, 3, v and § - were experimentally determined
and set at values of 0.7, 0.1, 0.1, and 0.1, respectively. In all our experiments, we chose a grid size
of 256x160x142 around the canonical hand skeleton for storing the skinning weights initialized from
MANO [2]. MANUS-Hand is initialized with 30K Gaussians per bone, amounting to 900K Gaussians

in total. After training, this number is pruned and filtered down to approximately 300K.

4.8 MANUS-Grasps Dataset Details

Bone length estimation: We first use the [20] to acquire 2D keypoints for every frame and view. These
keypoints are then triangulated into 3D keypoints using the [109]. With these triangulated keypoints, we
determine the bone lengths for each subject. Specifically, we average the 3D keypoints across all grasp

sequences and then adjust the length of the skeleton accordingly.
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Categories PSNR 1 SSIM{ LPIPS |

Mugs 43.08 0.999 0.002
Bottles 38.17 0.997 0.008
Fruits 39.57 0.998 0.005
Utensils 38.25 0.994 0.009
Misc 38.79 0.995 0.008
Colored 42.38 0.999 0.004
Bags 38.44 0.994 0.011
Jars 40.66 0.999 0.005
Books 36.17 0.998 0.015
Tech 38.81 0.995 0.007
Hand1 28.34 0.995 0.031
Hand2 29.94 0.998 0.029
Hand3 29.71 0.997 0.027

Table 4.4: Here we benchmark MANUS-hand and object method on MANUS Grasp scenes.

ap=ra NG AT ) - v .
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3 - ‘{ - ( 3 : * g . rq — InstantNGP —>
...__- S N 4./‘,'\; 1y, ‘l
PHIsh el 7T T
Wet-painted object grasping Contact residue on hand after completlon of grasp Views for evaluation

Figure 4.8: Here, we show the approach we used to obtain the ground truth contacts for the evaluation
sequences. On the far right, we display all 10 views of one evaluation sequence for the quantitative
assessment of grasp capture.

Camera Views Subject] Subject2 Subject3

mloU 1
5 0.147 0.140 0.214
10 0.164 0.145 0.256
20 0.176 0.142 0.261
Ours (30+) 0.206 0.152 0.275
F1 score 1
5 0.244 0.235 0.343
10 0.266 0.242 0.401
20 0.271 0.240 0.410

Ours (30+) 0.335 0.251 0.424

Table 4.5: Here we show empirical findings demonstrating the decline in contact metric as the number
of camera views decreases, leading to increased susceptibility to self-occlusions.

Segmentation: For every segmentation task, we employ a combined approach utilizing InstantNGP

[21] and SAM [106]. Initially, the scene is segmented using the text-based SAM technique. Following
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Figure 4.9: Hand Ablation: We perform ablation on the grid initialization of the skinning weights and
the choice of LPIPS loss function. Clearly our approach is better in terms of visual appearance.
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Figure 4.10: Here in (a) we show how initializing MANO weights without voxel grid allows the unstruc-
tured Gaussians to move erratically. In (b), we show the affect on accumulated 2D contact renderings
with change in the number of Gaussians.

Method PSNR 1 SSIM 1 LPIPS | Test time (s) |

TAVA 2285 0983  0.099 11.00
LiveHand 31.16 0.9818 0.0278 0.022
Ours 26.32 09872 0.068 0.049

Table 4.6: Here, we show comparison of MANUS-Hand on InterHand2.6M [50] dataset with LiveHand
[88] and [18]. Note that our primary goal is to obtain accurate contacts, not visual quality.

this, we obtain a segmentation mask that maintains consistency across multiple views using InstantNGP.
If the segmentation masks are found to be inadequate due to inaccurate predictions from the text-based
SAM, the process is repeated until satisfactory results are achieved.

Ground Truth Contacts: In Figure 4.8, we illustrate the methodology used to gather ground truth
contact data for our evaluation sequences. Initially, the object is coated with a layer of bright, wet paint.

Following this, the object is grasped, resulting in the transfer of paint residue to the hand. After the
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grasp is finalized, we document the pattern of contact residue left on the hand. To obtain the required
viewpoints, we train [21] in the multi-view images and then select 10 distinct views for evaluation. We
repeat this process for 15 different evaluation sequences for each subject.

Grip Aperture: The grip aperture [110] refers to the distance between the thumb and fingers when
grasping or holding an object. It’s an important concept in fields like ergonomics, rehabilitation, and
robotics. Here in Figure 4.11, we plot the change of grip aperture with change in timestep for our

dataset.
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Figure 4.11: Variation of grip aperture with change in timestep while grasping.

4.9 MANO and HARP evaluation

Pose and Shape Estimation: We begin by estimating the shape and scale parameters of the MANO
model for each subject. First, we obtain the mesh for every time-step by training [21] on multi-view
images. Next, we refine the mesh through the use of MeshLab and Blender software to achieve a cleaned
version. We employ an optimization framework akin to that used in [111], focusing on optimizing all
MANO parameters, including angle, translation, shape, and scale for the first timestep. This optimiza-
tion incorporates both keypoint loss (2.16) and point-to-surface loss [112] with the clean mesh. For
subsequent sequences , we keep the shape and scale parameters unchanged, focusing solely on opti-
mizing angles and translations through keypoint loss. To enhance the speed of convergence, we use the
optimized parameters from the previous step as the starting point for new parameters.

To get better geometry than MANO we extend HARP [100] from monocular video setup to multi-
view video setup. We start with already optimized MANO model (as mentioned above) and then opti-
mize for the local displacement of the hand shape. We leverage the differentiable rasterizer, to optimize
the HARP model based on the losses mentioned in [100].

Evaluation Setup: Please note that, we can’t directly render contact maps for MANO and HARP in
the same way as MANUS, which employs a Gaussian-based differentiable rasterizer. To obtain contact
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maps for MANO and HARP, we initially allocate contact values to each vertex, followed by utilizing
Blender’s emission renderer to render the contact mask. For fair comparison, we increase the resolution
of MANO and HARP vertices from 778 to 49,000.
Discussion: We also demonstrate the importance of dense camera views for accurate contact repre-
sentation in Table 4.5 which shows the diminishing of contact metric as the number of camera view
decreases. This finding is significant as it confirms our initial hypothesis that dense camera views are
essential for accurate contact representation, helping to prevent self-occlusion scenarios.
Results: Finally, we show qualitative results in Figure 4.4, showcasing two different stages: one during
the grasp process and another at the conclusion of the grasp.

For a comprehensive 360-degree view of the grasp capture, an in-depth ablation study, and details on

the implementation, please refer to our supplementary materials.

4.10 Conclusion

In this work, we proposed MANUS, which introduced a novel articulated 3D Gaussians represen-
tation, which successfully bridge the gap between the accurate modeling of contacts in hand-object
interactions and the limitations of current data capturing techniques. We introduced MANUS-Grasps,
an extensive multi-view dataset captured from 50+ cameras, which offers an unprecedented level of
detail and accuracy, covering a wide range of scenes, subjects, and frames. Overall, MANUS demon-
strates remarkable potential in advancing the fields of robotics, mixed reality, and activity recognition,
enabling the creation of more accurate robotic systems and enhanced virtual interactions.

Limitations and Future Work: While our focus in this chapter was on accurate contact estimation,
we recognize that the complexity of hand dynamics in everyday life extends far beyond what we have
explored. Our current focus has been on modeling single-hand grasping with static objects, without
delving into the pose-dependent non-linear deformation caused by skin stretching. Additionally, hand-
object manipulation for longer time-frames is unaddressed in this work and can be a interesting direction
for future works. We also observe that there is room for improvement in the metrics we propose for fu-
ture work. We also acknowledge the complexity and limited accessibility of our capture setup which

motivates us to make dataset publicly available.
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Chapter 5

Conclusion

In this chapter, we provide a brief conclusion on our contributions and the impact of proposed meth-

ods. We also discuss the potential future direction that can be explored.

5.1 Discussion

First, we introduced RealGrasper, a generative model that uses a conditional variational autoencoder.
This model takes an initial 3D hand pose and object shape as input to predict the final grasp pose.
Instead of relying on mesh-based representations, which may not accurately capture appearance and
contact properties, this approach uses neural fields to model shape, appearance, and contact regions
from various viewpoints. To support this, we created RealGrasp, a comprehensive dataset with 53-view
RGB data, including over 362,000 frames, 11 different objects, 4 subjects, 17 free-hand sequences, and
20 grasps per object per subject. Although this method shows promise in generating grasps without
3D annotated data, it is computationally intensive during training, and calculating contacts within the
implicit representation is challenging.

To address these issues, we explored an alternative method called Gaussian Splatting, which uses an
explicit representation with Gaussians for faster optimization and inference. Using this representation,
we developed MANUS, a method for Markerless Grasp Capture using Articulated 3D Gaussians. We
also introduced MANUS-Hand which uses this novel representation for high-fidelity modeling of artic-
ulable hands. Additionally, we created MANUS-Grasps, a unique dataset featuring hand-object grasps

captured from 53 cameras across 30+ scenes, 3 subjects, and over 7 million frames.

5.2 Impact

This thesis makes significant contributions to the field of hand-object interaction through the intro-
duction of novel methods which doesn’t require 3D annotated data. Through RealGrasper, we intro-
duced a generative model that utilizes a conditional variational autoencoder to predict final grasp poses.
This model incorporates initial 3D hand poses and object shapes, moving beyond traditional mesh-

like representations to neural fields, and doesn’t require any 3D annotated data. The introduction of
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RealGrasp and MANUS-Grasps datasets significantly enriches the resources available for the research
community. RealGrasp, with its 53-view RGB dataset and extensive frames and objects, provides a ro-
bust basis for training and evaluating hand-object interaction models. Similarly, MANUS-Grasps, with
its 7 million frames across diverse scenes and subjects, offers an unparalleled resource for high-fidelity
hand-object grasp modeling. The exploration and application of Gaussian Splatting for rapid optimiza-
tion and inference marks a significant improvement in representation techniques. The MANUS method
leverages articulated 3D Gaussians to provide a high-fidelity representation of articulating hands, of-
fering a more efficient and scalable solution compared to previous methods. The methodologies and
datasets developed in this thesis have broad applicability across various domains, including robotics,
virtual reality, augmented reality, and animation. These contributions facilitate advancements in how
machines understand and interact with their physical environment, potentially improving user experi-

ence and interaction in technology-driven fields.

5.3 Future Directions

Building on the contributions and findings of this thesis, several future directions can be explored to
further advance the field of hand-object interaction.
Optimization of Computational Efficiency: One significant challenge with the RealGrasper model
is its computational intensity during training. Future research could focus on optimizing the training
process to make it more efficient. One simple solution is to integrate Gaussian splatting with the Real-
Grasper model for fast optimization and inference.
Contact metric: In MANUS, we introduced a novel way to collect hand-object interaction and also
introduced a contact metric to evaluate the quality of contacts. Future efforts can be made to make this
method more scalable in terms of capturing the ground truth contacts.
Extension to Dynamic Interactions: While this thesis primarily focuses on static grasp poses, future
research could extend these methods to dynamic hand-object interactions. This involves modeling the
temporal aspects of interactions, such as manipulation tasks, and developing models that can predict and
adapt to changes in real-time.
Exploration of Multimodal Data: Incorporating additional data modalities, such as tactile feedback
or force measurements, could provide a more comprehensive understanding of hand-object interactions.
Future research could explore the integration of multimodal data to improve the accuracy and realism
of the models.
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