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Fig. 1: Motivation. Objects made from different materials can exhibit distinct behaviors under interaction. Even within the same object
category, varying physical parameters like stiffness can lead to different behaviors. Examples shown here include handling cotton rope and
cable, as well as arranging granular piles such as coffee beans and toy blocks. Although the initial configuration and action are the same,
different physical parameters result in distinct final states, necessitating the need for online adaptation for effective manipulation. To this end,
we introduce AdaptiGraph, a unified graph-based neural dynamics framework for real-time modeling and control of various materials with
unknown physical properties. AdaptiGraph integrates a physical property-conditioned dynamics model with online physical property
estimation. Our framework enables robots to adaptively manipulate diverse objects with varying physical properties and dynamics.

Abstract—This paper introduces AdaptiGraph, a learning-based
dynamics modeling approach that enables robots to predict, adapt
to, and control a wide array of challenging deformable materials
with unknown physical properties. AdaptiGraph leverages the
highly flexible graph-based neural dynamics (GBND) framework,
which represents material bits as particles and employs a
graph neural network (GNN) to predict particle motion. Its
key innovation is a unified physical property-conditioned GBND
model capable of predicting the motions of diverse materials with
varying physical properties without retraining. Upon encountering
new materials during online deployment, AdaptiGraph utilizes a
physical property optimization process for a few-shot adaptation
of the model, enhancing its fit to the observed interaction data.
The adapted models can precisely simulate the dynamics and
predict the motion of various deformable materials, such as
ropes, granular media, rigid boxes, and cloth, while adapting to
different physical properties, including stiffness, granular size,
and center of pressure. On prediction and manipulation tasks
involving a diverse set of real-world deformable objects, our
method exhibits superior prediction accuracy and task proficiency
over non-material-conditioned and non-adaptive models.

*Denotes equal contribution.

I. INTRODUCTION

Learning predictive models, also known as system identifi-
cation, is a crucial component of many robotic tasks. Whereas
classical methods rely on the explicit parameterization of
the system state and struggle with systems that have high
degrees of freedom, a significant body of work over the
last decade has attempted to learn models directly from
visual observations. Prior approaches have learned predictive
models based on pixels [1, 4] or latent representations of
images [2, 3]. However, such representations often overlook
the structure of the environment and do not generalize well
across different camera poses, object poses, robots, object sizes,
and object shapes. Recently, a series of studies have employed
Graph Neural Networks (GNN) to model environments as
3D particles and their pairwise interactions [5–8]. A graph
representation has proven effective in capturing relational bias
and predicting complex motions of deformable objects, but
prior works typically only focus on a single material and
would require extensive training to model an object of new
material or with unknown physical properties. Hence, it is
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ẑt+1

<latexit sha1_base64="hUkLNwwBjajnsRqz2x5wKOniqug=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRKihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qmHvVLZrbgzkGXi5aQMOeq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPIzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC8xZeXSfO84lUr1buLcu06j6MAx3ACZ+DBJdTgFurQAAYDeIZXeHOk8+K8Ox/z1hUnnzmCP3A+fwB32o3w</latexit>zt

<latexit sha1_base64="t+XPzy5OKKjrhibcumoyrzteO4A=">AAAB9XicbVDJSgNBEK1xjeMW9eilMQiCEGZEosegF48RzALJGHo6PUmTnoXuGiUO8x9ePCji1X/x5t/YWQ6a+KDg8V4VVfX8RAqNjvNtLS2vrK6tFzbsza3tnd3i3n5Dx6livM5iGauWTzWXIuJ1FCh5K1Gchr7kTX94PfabD1xpEUd3OEq4F9J+JALBKBrpvjOgmD3l3QxPXTvvFktO2ZmALBJ3RkowQ61b/Or0YpaGPEImqdZt10nQy6hCwSTP7U6qeULZkPZ529CIhlx72eTqnBwbpUeCWJmKkEzU3xMZDbUehb7pDCkO9Lw3Fv/z2ikGl14moiRFHrHpoiCVBGMyjoD0hOIM5cgQypQwtxI2oIoyNEHZJgR3/uVF0jgru5Vy5fa8VL2axVGAQziCE3DhAqpwAzWoAwMFz/AKb9aj9WK9Wx/T1iVrNnMAf2B9/gAozJJN</latexit>
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Fig. 2: Overview of proposed framework: AdaptiGraph. (a) Our graph-based dynamics model f is conditioned on the discrete material
type and continuous physical parameters ϕ. ϕ is encoded as the node features, which will be propagated and updated in the model training
process. Our model can accurately predict the future state ẑt+1 for a variety of objects with different physical properties. (b) Our framework
performs physical property estimation for few-shot adaptation. This is achieved through an inverse optimization process to estimate the
optimal physical parameters as predicted by the learned dynamics model f . The optimal physical parameter ϕ∗ is identified by minimizing
the cost function, which is defined as the Chamfer Distance between the predicted graph state and the actual future graph state.

an important challenge to provide such graph-based models
to adapt to objects and tasks involving diverse materials and
varying physical properties, such as manipulating ropes with
different stiffness and granular media with different granularity.

In this work, we present a unified framework for modeling
the dynamics of objects with different materials and physical
properties. In addition to classifying objects into discrete
material types such as rigid objects, ropes, etc., we further
consider a range of intra-class physical property variations in
each material type. We propose to encode this variation using
a continuous variable which we call the physical property
variable, and integrate the variable into a Graph-Based Neural
Dynamics (GBND) framework (Fig. 1). The physical property
variable indicates the important intrinsic properties of each
material category, including stiffness for deformable objects
and the center of pressure position for rigid objects. By
encoding the material type and physical property variables
into particles in the graph, the model learns material-specific

dynamic functions that predict different physical behaviors
for objects with different physical properties. We then employ
a test-time adaptation method to reason about the physical
properties of novel objects. Specifically, the robot actively
interacts with the novel object, observes its response, and
estimates its physical properties to optimize the model’s fit
to the observed reactions. The estimation is performed in a
few-shot manner and can be directly applied to planning and
trajectory optimization for downstream manipulation tasks.

II. METHODS

A. Problem Formulation

Our aim is to learn a dynamics model, f , that is conditioned
on the material type M and continuous physical property
variable ϕ, and develop a test-time few-shot adaptation scheme
to infer the physical property variable for unseen objects.
Specifically, the dynamics model predicts how the environment
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Fig. 3: Qualitative results on dynamics prediction: We conduct
qualitative comparisons to assess the performance of our method
against the baseline of a GNN without adaptation. The results,
delineated by red dashed boxes, demonstrate that our approach
surpasses the baseline in accurately capturing the variations in
dynamics that arise due to physical properties.

will change if the robot applies a given action:

ẑt+1 = f(zt, ut;ϕ,M), (1)

where M indicates the material type (e.g., rigid, granular, rope,
cloth), ϕ indicates material-specific physical property variables,
and ut, zt, zt+1 are the robot action, current environment state
at time t, and the next state at time t + 1, respectively. In
our approach, we train the dynamics model to minimize the
accumulated future prediction loss.

By conditioning on M and ϕ, the model learns to predict
material-dependent physical behaviors, based on which we can
perform physical property estimation through the following
optimization problem:

ϕ∗ = argmin
ϕ

T∑
t=1

cost(ẑt+1, zt+1), (2)

where T is the iteration number indicating the number of
interactions with the unseen object, and cost(·, ·) is the cost
function measuring the discrepancy between the predicted
future state ẑt+1 and the observed state zt+1.

Figure 2 shows the overall framework of AdaptiGraph.
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Fig. 4: Qualitative results on closed-loop feedback planning: We
present a qualitative comparison of MPC performance by contrasting
our method with the baseline method. Visualizations shown here
demonstrate that our method effectively achieves the target configura-
tion within limited steps.

III. EXPERIMENTAL RESULTS

A. Forward Dynamics Prediction

Fig. 3 shows the qualitative comparisons between our
material-conditioned GBND model and the baseline method
Ours w/o Adaptation, which is an ablated version of our
material-adaptive model by using only the mean physical
property variable ϕ̄ as input in deployment. The comparisons
reveal that, with estimated physical property, the model’s
prediction matches the interaction outcome more accurately. For
instance, in the rope scenario, the baseline model’s prediction
fails to capture both the below-average stiffness of the yarn
object and the above-average stiffness of a polymer rope. In
contrast, our method successfully accounts for variations in
their motions, exhibiting more precise forecasts of unusual
behaviors. Likewise, our model surpasses the baseline in
scenarios involving materials with extreme physical properties,
such as rigid boxes that differ in center of pressure, granular
materials of various sizes, and clothes of differing stiffness.

B. Model-Based Planning

We further show that integrating our material-conditioned
GBND model and physical property adaptation into an MPC
framework facilitates a series of robotic manipulation tasks.
As illustrated in Figure 4, our approach enables more effective
and efficient planning compared to the baseline method.
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