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Intelligence lies not only in the brain (decision-making processes) but in the body (physical
morphology). Themorphology of robots can significantly influence how they interact with the physical
world, crucial for manipulating objects in real-life scenarios. Conventional robotic manipulation
strategies mainly rely on finger-shaped end effectors. However, achieving stable grasps on fragile,
deformable, irregularly shaped, or slippery objects is challenging due to difficulty in establishing stable
forces or geometric constraints. Here, we present surface-basedmanipulation strategies that diverge
from classical grasping approaches, using flat surfaces as minimalist end-effectors. By adjusting
surfaces’ position and orientation, objects can be translated, rotated, and flipped across the surface
using closed-loop control strategies. Since this method does not rely on stable grasping, it can adapt
to objects of various shapes, sizes, and stiffness levels and can even manipulate the shape of
deformable objects. Our results provide a new perspective for solving complex manipulation
problems.

Physical morphologies significantly shape how a system interacts with and
perceives its environment1–6.Morphologies that are structurally adapted to a
task reduce the complexity of control and enable more precise and
responsive task execution. In nature, many animals have evolved diverse
grasping mechanisms to adapt to various contexts-for example, manual
grippers resembling anthropomorphic hands7, spinal grippers such as the
prehensile tails ofmonkeys and certain lizards, andmuscular hydrostats like
octopus tentacles and elephant trunks8. Roboticists draw inspiration from
the biological systems to develop grippers that utilize mechanical inter-
locking for geometric constraints9–11, friction for force constraints12–15, or
adhesion for stabilization16–18. Thesemethods form the basis ofmost current
robotic gripper designs19. However, they often face challenges when
manipulating irregularly shaped, deformable, or fragile objects20. Purely
geometric constraints struggle with irregular shapes, and force constraints
can damage deformable or delicate items. To address these challenges,
researchers have developed advanced gripper designs that enhance robotic
manipulation. Inspired by biological systems, soft robotic grippers with
mechanical compliance can handle fragile objects21,22. Granular jamming
grippers conform toobjects of arbitrary shape toenable their pick-and-place
operations23,24, while tactile sensing improves real-time adjustments for
delicate objects25,26. These methods still depend on stable grasps that match
the size of the object, and struggle with deformable, flat, or highly variable
objects22. Reflecting on our daily experiences (see Fig. 1a), we often address
similar challenges by adopting surface-based, nonprehensile manipulation
methods and providing support from below. For example, while chopsticks

are effective for picking up solid foods like fried potatoes, a spoon is more
suitable for deformable substances like mashed potatoes. We hold a bas-
ketball with our palms rather than gripping it solelywith ourfingers, andwe
support a slippery fish from underneath. These examples demonstrate that
when traditional grasping is ineffective, we naturally resort to surface-based,
nonprehensile manipulation strategies. Motivated by this observation,
introducing surface-based end effectors into robotics by adapting their
morphology to planar forms offers a promising solution to these challenges.

Robotics research has introduced devices capable of dynamically
altering their surface geometries through actuation mechanisms27–34. By
adjusting their configurations, these systems can adapt to and interactmore
effectively with various objects. One approach employs grids of individually
actuated parallel robots or linear actuators to create distributed manipula-
tion surfaces29,35–37. Another utilizes origami-inspired structures integrated
into robotic gripper surfaces to modulate contact friction38. To enhance the
capabilities of reconfigurable surfaces, modular designs incorporating soft
actuators powered by vacuum39 or origami-inspired actuators40 have been
explored. Hu et al. used pneumatic morphological transformation to adjust
wettability andmanipulate droplets on a surface undergoing deformation41.
Surface-based manipulation techniques have also been applied at smaller
scales, specifically in the reconfigurable braille displays. These displays use
dielectric elastomers42, electromagnetism43, or shape-memory alloys44.
Furthermore, reconfigurable surfaces find applications in shape-changing
displays designed for human interaction28,30,31,34,45. An alternative approach
to address complex manipulation tasks involves integrating nonprehensile

1Reconfigurable Robotics Lab (RRL), EPFL, Lausanne, Switzerland. 2These authors contributed equally: Ziqiao Wang, Serhat Demirtas.
e-mail: jamie.paik@epfl.ch

npj Robotics |             (2026) 4:3 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s44182-025-00069-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44182-025-00069-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44182-025-00069-6&domain=pdf
mailto:jamie.paik@epfl.ch
www.nature.com/npjrobot


Fig. 1 | Surface-based manipulation. a Object properties influence whether we
intuitively grasp or support them with a surface. Small, rigid objects with defined
edges are easily grasped, while large, round, deformable, soft, or slippery objects
are more effectively manipulated through surface contact. This distinction
highlights how surface-based manipulation complements traditional grasping in
handling diverse objects. Building upon this, we present a novel approach to

robotic object manipulation using surfaces. This is achieved through the inte-
gration of three main motion principles: b translation, c flipping, and d rotation.
eAn example is in food packaging automation, where it addresses the challenge of
handling items with varied shapes without causing damage. Surface-based
manipulation enables tasks like rotating or positioning grape bunches for
packaging and inspection.

https://doi.org/10.1038/s44182-025-00069-6 Article

npj Robotics |             (2026) 4:3 2

www.nature.com/npjrobot


manipulation strategies that impose unilateral constraints on the object46.
For instance,47 demonstrates a paddle-like end-effector with visual feedback
for pick-and-place tasks on rigid hexahedral objects, while48 employs two 6
degrees of freedom (DoF) robotic arms with dual “palms” for reorientation
tasks. In refs. 49,50, a single motor-driven flexible joint mechanism enables
planar manipulation via vibration modes. Inspired by pizza paddles,51,52

introduce planar end-effectors facilitating object translation and rotation,
and a related method uses two serial manipulators for rapid, coordinated
actions like stir-frying53. While some of these systems incorporate visual
feedback47,49 or explore deformable object manipulation52,54, many lack
closed-loop control, focus on a limited range of rigid objects, or rely on
single-surfacemethods that limit control over contact forces and scalability.

Modular reconfigurable surface-based strategies also face significant
practical limitations. While the potential has been demonstrated in
manipulating spheres55,56, challenges such as limited workspace and slow
deformation speeds pose anobstacle for broader scenarios.Additionally, the
necessity for continuous surface deformation reduces force output and
limits their utility in manipulation contexts. These strategies frequently
require the coordinated operation of many modules to manipulate a single
object, complicating scalability to larger module sizes and quantities. Con-
sequently, current applications lack dexterous strategies for handling non-
rigid or irregularly shaped items and are often confined to specific hardware
platforms. These limitations emphasize the need for novel design and
actuation methodologies. Exploring innovative approaches to reconfigur-
able surfaces could significantly advance robotic manipulation, expanding
robots’ capabilities in handling a diverse range of objects.

Current nonprehensile manipulation methods on reconfigurable sur-
faces, which utilize individually actuated units, rely heavily on the kine-
matics of the modules and the sizes of the objects being manipulated.
Together, these factors determine the types of nonprehensile motion pri-
mitives that can be utilized. Consequently, developing a comprehensive
framework to analyze and compare these platforms is crucial for optimizing
their design andmanipulation strategies. Using information obtained from
published literature on several platforms29,36,37,39,47–49,51,57–61, we developed a
scalingmodel for surface-basedmanipulation that results in themapping of
mobility and manipulability of these platforms. Finding the optimal setup
for surface-based manipulation involves determining the exact number of
DoF needed for each module and how many modules are necessary for
different manipulation tasks. Table 1 lists various surface-based object
manipulation examples and summarizes their capabilities in terms of
repositioning and reorienting objects placed on them. We standardize the
module dimensions across the platforms to facilitate comparative analysis,

study the relationship between the working modules and manipulability,
andhighlight their capability in accommodating objects of diverse sizes. The
minimum manipulation workspace, MWmin, indicates the smallest area
where both the functions of the reconfigurable surface and themanipulation
strategies are effectively employed. Then, we calculate the minimum
mobility requirement, MRmin, that represents the necessary number of
actuators for different types of surface-basedmanipulation techniques using
single unit DoF, DoFSU, and surface size, SSSU:

MRmin ¼ DoFSU ×MWmin

SSSU
: ð1Þ

Surfaces consisting ofmultiple unitswith oneDoFSU can formdifferent
profiles from a flat surface, such as slopes for rolling objects or ridges for
flipping them, and they enable manipulation of objects larger than
SSSU

29,37,39,57. In these examples, the MRmin and consequently the actuator
number typically remain relatively high, up to 900, mainly due to the
necessary motion primitives and the properties of the manipulated
objects29,37,39,57. Increasing the DoFSU enables the utilization of additional
motion primitives with fewer units. For instance, an example system
comprises three DoFSU arranged in an 8 × 8 configuration35,36. These units,
having finger-like end effectors, manipulate objects through coordinated
movements such as sliding in addition to rolling35,36. Similarly, Deng et al.
introduced a pneumatically actuated soft modular surface with four DoFSU
capable of translating and rotating objects through small deformations on
the surface60 and complementary trajectory planning62. Although the
number of units is lower in exampleswithhigherDoFSU, theMRmin remains
high due to the increased actuator number requirements. The introduction
of dynamic movements such as vibration has also been shown to facilitate
both translation and rotation within the plane59. Utilizing a similar meth-
odology, surface-based manipulation extends to serial manipulators
through the use of flat-surface end effectors. Ruggiero et al. utilized a dual-
arm robot with a total of 12 DoF and employed dynamic manipulation
techniques such as rolling, tossing, and batting that translate or rotate
objects46. Analyzing theMRmin aspects of the state-of-the-art reveals a trade-
off between the number of requiredmodules and theDoFSU. For instance, a
higher DoFSU for fewer units to accomplish the same task. However,
increasing theDoFSU poses challenges due to hardware limitations, making
itmore difficult to expand the SSSU by addingmoremodules. Consequently,
we adopt two units with three DoFSU that represent the minimum config-
uration required to construct a reconfigurable surface capable of performing

Table 1 | Overview of existing surface-based manipulation strategies

Platform Single Unit
DoF, DoFSU

Manip. Modes Single Unit Surface
Size, SSSU

Object
Size

Minimum Manip.
Workspace, MWmin

Minimum Mobility
Requirement, MRmin

Tra. Rot. Flip.

Single Act.49 1 ✓ ✓ d × d <d × d d × d 1

WaveHandling57 1 ✓ d × d >d × d 2d × 2d 4

Soft Surface39 1 ✓ ✓ d × d >2d × 2d 3d × 3d 9

inFORM29 1 ✓ ✓ ✓ d × d >2d × 2d 3d × 3d 9

ArrayBot37 1 ✓ ✓ ✓ d × d >2d × 2d 3d × 3d 9

Pizza Peel51 2 ✓ ✓ d × d <d × d d × d 2

Omnia Wheel58 3 ✓ ✓ d × d >2d × 2d 3d × d 9

Planar Manip.59 3 ✓ ✓ d × d <d × d d × d 3

Delta Arrays36 3 ✓ ✓ ✓ d × d >2d × 2d 3d × 3d 27

Soft Table60 4 ✓ ✓ d × d >2d × 2d 3d × 3d 36

Dynamic Manip.47 6 ✓ ✓ ✓ d × d <d × d d × d 6

Two-Palm48 6 ✓ ✓ ✓ d × d <d × d 2d × d 12

RoDyMan61 12 ✓ ✓ d × d <d × d d × d 12

This Work 3 ✓ ✓ ✓ d × d < d × d 2d × d 6
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dexterous manipulation tasks. This surface consists of individual elements
arranged in flat configuration that is able to form three-dimensional con-
figurations and provide synchronized movements upon actuation. The
three DoFSU, along with the utilization of the interaction between the two
modules, enable a range of dynamic manipulation techniques. This con-
figuration ensures the lowest MRmin for surface-based manipulation plat-
forms that can perform object translation, rotation, and flipping
(see Fig. 1b–d). While some prior work47 achieves a similarMRmin, using a
single platform with six DoF to perform comparable manipulation modes,
themodularity in our systemdistributes the requiredMRacross two smaller
units, each with three DoF. This bimanual design enhances dexterity by
enabling the simultaneous application of forces from multiple directions,
allowing formore dexterous tasks such as folding deformable objects. It also
improves scalability by enabling incremental expansion of functionality
through additional modules, rather than increasing complexity within a
single unit. Moreover, our system supports closed-loop control and quan-
titative evaluation and handles diverse forms of objects. The system exhibits
scalability in termsofmodule size,modulenumber, and the sizeof the object
being manipulated. Depending on the specific requirements of the objects,
the proposed strategies could be adopted to accommodate differentmodule
sizes. Furthermore, increasing the number of modules allows for the
application of these strategies to multiple objects simultaneously.

We propose manipulation strategies based on reconfigurable modular
surfaces to perform fundamental manipulation tasks such as translating,
rotating, and flipping objects of various forms, including non-rigid and
irregularly shaped items. We demonstrate these strategies using two iden-
tical modular and foldable robots placed side by side to form a reconfi-
gurable surface operating through a decoupled actuation procedure. Each
robot is designed, manufactured, and assembled using an origami-based
approach combined with the Canfield joint principle40,63–66 and has three
DoF. The hierarchical closed-loop control architecture overcomes kine-
matic constraints and adapts to different robotic platforms, which addresses
hardware adaptability issues. By eliminating the need for grasping and
continuous surface deformation, our method enables the manipulation of
objects with diverse shapes and forms. Quantitative closed-loop experi-
ments validate the overall performance of our system and demonstrate that
our approach achieves more dexterous tasks with fewer DoF compared to
other surface-based methods. This work also shows the potential of com-
bining different manipulation strategies to alter the shape of flexible and
deformable objects, overcoming existing limitations and expanding the
capabilities of robotic manipulation systems. Our approach offers a new
perspective for applications such as food packaging (see Fig. 1e) involving
reconfigurable surfaces, where automation faces the challenge of handling
items with varied and unpredictable shapes without causing damage.

Results
The surface-based manipulation in this work involves three strategies:
translation, rotation, and flipping (see Fig. 2). To demonstrate the gen-
eralizability of surface-based manipulation, we first conducted open-loop
teleoperated experiments on a variety of objects and substances of different
shapes, sizes, andmechanical properties, including packaged cookies, cakes,
a cotton-stuffed toy fish, a roll of tape, and a bag of popcorn (Fig. 3 and
Supplementary Movie 1). We achieved consistent and successful manip-
ulation as our surface-based approach inherently avoids the complexities of
grasping, it can accommodate diverse shapeswhileminimizing stress on the
objects.

Building upon the initial demonstrations, we conducted a series of
quantitative, vision-based, closed-loop experiments with two modules to
evaluate the proposed strategies. Incorporating perception capabilities, our
closed-loop control algorithms enhanced the precision and robustness of
thesemanipulation tasks. First,we validated the translation task, an essential
foundation for several subsequent tasks, by repositioning objects to desired
locations on the entire surface (Fig. 4 andSupplementaryMovie 2).Next, we
combined translation and flipping strategies to fully flip planar objects,
effectively swapping their top andbottomsurfaces, as shown inFig. 5a, b and

Supplementary Movie 3. The third experiment involves changing the
orientation of the object in the middle of two surfaces (Fig. 5c, d and
Supplementary Movie 4). Beyond these pick-and-place tasks, we demon-
strated more dexterous manipulations by reshaping a deformable object by
folding it to alter its length, as shown in Fig. 6 and SupplementaryMovie 5.

Translation of soft and randomly shaped objects
Translating an object is essential in robotic manipulation for repositioning
objects and preparing them for subsequent operations. In thiswork, the first
translation analysis involved a randomly shaped object, Play-Doh putty,
specifically chosen for its soft and deformable properties. These character-
istics present a challenge for conventional grippers, making the object an
ideal candidate for testing the capability of our strategy in handling complex
material properties.

The objective is tomove the soft object across the surface, starting from
varying initial locations but converging to a consistent reference position by
closed-loop control (see Figs. 3b and 4). In Fig. 4a, we illustrate three
sequential manipulation paths, each initiated from a distinct starting posi-
tion. Upon reaching the target position and achieving a steady state, we
manually repositioned the object to a new starting point. Despite the dif-
ferent starting points, each route consistently concluded at the same pre-
determined location in the top-left quadrant of the surface. As shown Fig.
4b, the object consistently returns to its target after manual displacements,
guided by the control strategy and continuous adjustments in surface
orientation and height. During Translation 1, positional changes along the
X-axis induced significant variations in surface’s pitch. BeforeTranslation 2,
placing the object diagonally opposite the target influenced both the sur-
face’s pitch and roll, with roll adjustments more pronounced due to
asymmetries in the workspace (see Supplementary Figs. 1 and 2). In
Translation 3, the primary deviation along the Y-axis mainly affected sur-
face’s roll values, whileminor X-axis changes near the end introduced slight
pitch alterations. Additionally, height adjustments in each control cycle
caused oscillations that moved the object toward its target.

Across six trials (see Supplementary Movie 2), the object achieved
average velocities of 5.62 cm/s alongX-axis and 5.55 cm/s alongY-axis, with
steady-state errors of 1.14 cm and 0.87 cm, respectively. Subtle positional
discrepancies likely arose from differences in achievable tilt angles (Sup-
plementary Fig. 2). Overall, these results confirm that our manipulation
strategy reliably directs objects to their intended targets, even from various
starting points, while minimizing deformation of soft objects.

Translation and flipping of rigid object
Flipping motions are crucial in both industrial applications, such as
assembly and food inspection on production lines67 and domestic robotics
for household tasks68. Flipping typically requires multiple controllable
contact points69 and necessitates complex manipulators or dual-arm robots
working in coordination70. It also demands accurate modeling of contact
interactions, handling uncertainties, and maintaining grasp stability.
Additionally, limitations in the end effector’s workspace and kinematics
further complicate the execution of flipping motions. These complexities
make traditional manipulation strategies inadequate for efficiently auto-
mating flipping tasks. Our approach addresses these issues by removing
workspace dependence through nonprehensile dynamicmotion enabled by
coordinatedmodular interactions. This strategy executes complex tasks like
180° flipping along a horizontal axis without intricate graspingmechanisms
or high DoF.

We tested this approachusing a rectangular cuboidmeasuring 8×8×3
cm3 and weighing 110 g. The object was first translated from a random
starting position on Surface 1 to the intersection of two surfaces (see Fig 3a).
Knowing the object’s dimensions,we designed the target position so that the
object makes contact with Surface 2 while its center of gravity remains on
Surface 1. This setup facilitated the flipping maneuver. After the flip, we
repositioned the object between the surfaces and repeated these operations
tovalidate both translationandflipping strategies.As shown inFig. 5a, b and
Fig. 3a, the object was initially moved into position, flipped 180° around its
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Y-axis, and then returned to an intermediate location between the surfaces.
Fig. 5b tracks the object’s trajectory, confirming its successful realignment.
During the flipping phase, rapid height and orientation adjustments of
Surface 2 briefly impacted the object, completing the flip and producing a
distinct yaw change at approximately 8 seconds. Overall, these results
demonstrate that our surface-based manipulation method efficiently han-
dles complex flipping tasks, expanding the capabilities of surface-based
manipulation strategies.

Rotation of a rigid object
In assembly lines or food production processes, objects often need to be
aligned to specific angles before packaging or further handling71. To
demonstrate the surface-based manipulation approach for reorienting
objects, we conducted an experiment to rotate a rigid object within the
surfaces around the Z-axis from its initial orientation to various target
orientations. Fig. 5c presents a schematic of our experimental setup that
utilizes a square prism as the object ofmanipulation. Building on the success
of the transfer strategy validated in the previous experiment,we assumed the
object’s initial position tobe centeredbetween two surfaces,with its center of

gravity resting on one surface, and then adjusted the other surface’s roll and
height to achieve a series of target angles. In Fig. 5d, the actual yaw angles of
the object and its alignment with the set target angles are shown. A new
reference angle is assigned after the object reaches a reference position. Fig.
5d also displays the roll angle and height adjustments of Surface 1. The
variation in Surface 1’s roll angle tends to decrease as the discrepancy
between the object’s current angle and the reference angle reduces. The
maximum surface’s roll angle per cycle, controlled by a low-level PID
controller, is capped at 12°. During the experiments, we achieved an average
rotational velocity of 1.16°/s. Following each interaction with the object
through rollmovement, the surface lowers in altitude andadjusts to anoffset
angle, preparing for the next interaction cycle. Through this experiment, we
successfully validated the feasibility of our rotation strategy and demon-
strated a novel, nonprehensile approach to reorientation.

Shape manipulation of deformable object
Manipulating deformable objects is essential in various fields72, including
manufacturing73, the food handling74, healthcare75, and elderly care76.
However, automating the handling of deformable objects remains a

Fig. 2 | Control schematic for surface-based object manipulation. a High-level
controller involves five main components. The main manipulation configuration
includes two modules side by side. The vision system captures the object’s position
and orientation and provides real-time feedback to task planner. bThe task planner,
a statemachine, defines surface orientations and height and then these are converted
into joint reference positions via inverse kinematics. It transitions among three tasks:

(i) translation, (ii) flipping, (iii) and rotation. Translation adjusts the surface’s roll
and pitch to move the object, followed by height oscillations. Rotation has two
phases: Phase 1 adjusts Surface 2's roll, and Phase 2 raises and lowers it to repeat
Phase 1 until the desired angle is achieved. Flipping occurs through the rapid ele-
vation of Surface 2. c The low-level controller uses BLDC motors with a servo
position controller to track joint angle commands with real-time feedback.
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significant challengedue to thehighlynonlinear character of thesematerials,
which makes accurate modeling extremely difficult20,77. Additionally, using
grasping-based methods can cause further unpredictable deformations
during manipulation76. Surface-based manipulation simplifies perception
and control requirements because it reduces the complexity associated with
modeling contact dynamics and grasp stability. In this experiment, we
combined the previously introduced strategies to fold a strip of putty
multiple times, relying only on measurements of the object’s length and
geometric center, showcasing the endless possibilities of surface-based
methods. Extending this strategy to additional or larger modules could
potentially enablemore complex tasks involvingdeformable objects, such as
folding clothes or kneading dough.

In Figs. 3b and 6a, we show the process of folding a strip deformable
object. In the experiment, we track the length and geometric center of the
deformable object strip using a camera and apply a combination of the
previously proposed transfer and flipping strategies to achieve the folding of
the deformable object. At the initial stage of the experiment, we positioned
the object between two surfaces, upon which we implemented our flipping
strategy. However, as the object being manipulated is a soft continuum this

time, only a part folds rather than undergoing a complete flip. The folding
alters the object’s length, and since we are tracking its geometric center, its
position coordinates also change instantaneously. The position coordinates
of the tracked object, as shown in Fig. 6b, indicate that thefirst fold occurs at
second 1. The variations in object length are displayed in Fig. 6b. Subse-
quently, we implemented the translation strategy to position the object
between the two surfaces for the next folding phase, as shown during the
transfer stage in Fig. 6b. Given our knowledge of the object’s length and the
aim to fold approximately one-third of it in each attempt, we were able to
determine the target reference positions based on the anticipated length of
the fold. This approach allowed for precise control of the folding process.
We executed the second folding motion once the object reached the refer-
ence position. Finally, through the integration of these operations, we suc-
cessfully transformed a deformable object strip into a rolled-up
configuration and changed its length. This demonstrates the versatility of
surface-based manipulation and its potential applications across various
fields. While our method successfully folded a low-stiffness deformable
object (Young’smodulus approximately between 100MPa and 200MPa78),
handling more stiff materials presents additional challenges. Increased

Fig. 3 | Surface-based manipulation of various types of objects. A rigid object (a
solid, uniform square prism block) and the first two white soft objects (a malleable
slime) are manipulated using closed-loop control, while the remaining objects are
manipulated via open-loop teleoperation to transition between different states,
demonstrating the strategy’s versatility across diverse object types. a Rigid object

transfer (T), rotation (R), and flipping (F). b Manipulation of soft and deformable
objects: adjusting the position or shape of deformable materials in various forms.
cManipulation of different objects, from top left to bottom right: a cookie, a cake in a
transparent package, a cotton-stuffed toy fish, a roll of tape, and a bag of unevenly
distributed popcorn.
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stiffness can prevent full folding and introduce greater reaction forces at
contact points, and lead to unintended object displacement. Future adap-
tations could involve implementing controlled force application, incor-
porating external constraints to aid bending, or estimating stiffness to refine
control strategies.

Discussion
In this work, we presented a method to overcome the challenge of manip-
ulating soft and deformable objects utilizing modular robotic surfaces and
successfully demonstrated three fundamental operations: translation,
rotating, and flipping objects on the surface. Unlike traditional grasping
methods that require selecting specific grasp points and struggle with large,
low-friction, or deformable objects, our surface-based approach inherently
extends to objects of different shapes, sizes, and stiffness levels. The hier-
archical control structure enables the proposed strategies to be adapted to
other hardware setups by using a simple plane as the end-effector and
ensuring the hardware has roll, pitch, and height DoF. For instance, two
conventional 6 DoF robotic arms equipped with plane end-effectors can
apply the strategies presented in this study.

Our work presents a new approach to manipulation, particularly
for handling deformable, soft, and fragile objects. This has potential
applications in industries such as food processing, where packaging and
handling items like chicken or fish, which are typically slippery and
easily damaged, pose challenges for traditional grasping methods.
Using vision-based closed-loop feedback, we achieved robust control by
tracking the geometric center position and orientation of objects with
known shapes and sizes. However, this approach is limited in dynamic
environments, especially when object shape, friction, and stiffness are
unknown. Although friction is not explicitly modeled, we rely on
posture-based closed-loop control and low-frequency vibrations, which
may be ineffective for high-friction (static coefficient around 0.8) or
delicate objects. Future work will focus on integrating multi-modal
perception to better estimate object properties and adopting learning-
based control strategies that adapt to varying conditions and object
types. We also plan to explore active friction modulation methods and
low-friction materials for improved friction response. In terms of
scalability, our current setup uses two robotic modules with 150 × 150
mm2 top surfaces. We will investigate both upscaling and
miniaturization-larger modules (up to 500 × 500 mm2) for heavy-load
tasks, requiring stronger actuators such as high-torque motors or
hydraulics, and smaller modules (5 × 5–10 × 10 mm2) for integration
into robotic palms with actuation method and material selection
adapted to the scale. Expanding to four or six modules will enlarge the
workspace, enablemore deformationmodes, and support simultaneous

manipulation of multiple objects, increasing efficiency for tasks like
automated food handling. Finally, the dynamicmanipulation principles
demonstrated in prior works (e.g., tossing or flipping by momentum47)
could also be integrated into our system, further extending its
capabilities.

Methods
This section describes the system’s design and the perception and
control methods for manipulating non-spherical objects on reconfi-
gurable surfaces. We employ an origami-inspired foldable three-DoF
parallel mechanism to achieve compactness while providing flexible
joint actuation and a large workspace. For closed-loop control, we
developed vision-based method to track the object’s pose in real time.
Additionally, we proposed a hierarchical control strategy that outputs
commands directly at the end-effector pose level rather than at the joint
level for coordination among multiple modules, which makes the
control strategy applicable to varying numbers of modules and diverse
geometric configurations.

Surface-based integrated design
The reconfigurable surface implemented in this project comprises two
identical robotic modules. Each module has five main components (see
Supplementary Fig. 1a). The surface platform is manufactured from an
acrylic sheet, serving as the interface for contacting andmanipulating objects
via reconfigurability. The origami legs consist of a polyimide layer sand-
wiched between two FR4 layers, adhered together using two adhesive layers
activated through a heat press application. The origami design derives from
the fundamental waterbomb origami fold that can enable motion across
three DoF, similar to the structures and their functionalities in the previous
works40,64–66,79. The legs facilitate the system’s reconfigurability, with each leg
actuated by direct-driven BLDC motors (maxon EC-i 40) linked with 3D-
printed PLA connectors. Finally, the base platform, fabricated from an
acrylic sheet secures the module onto the surface where the modules are
fixed. Each motor, allocated to actuate the robotic modules, operates with a
36Vnominal voltage and can generate a nominal torque of up to 207mN.m.
The STSPIN32F0A module (by STMicroelectronics) performs low-level
control of themotors andmanages the required currentflow from the power
supply. The main controller unit (Teensy MicroMod by PJRC and Spark-
Fun) functions to handle high-level control operations and coordinates
communication between these two boards. This communication utilizes the
MODBUS RS-485 protocol and the Teensy controller’s TTL output.
MAX485 module converts the main controller’s TTL output to the MOD-
BUS RS-485 protocol, creating a coherent and reliable communication
channel between the low-level actuation control and high-level functions.

Fig. 4 | Translation of soft objects. In this experi-
ment, the efficacy of our translation strategy was
assessed using a deformable object positioned at
multiple initial locations. a Initial setup for three
sequential tests with object: Lighter colors indicate
initial positions and darker colors show target
positions. Objects are manually reset to new initial
positions after each translation. b The object’s tra-
jectory in the XY-plane and surface adjustments in
roll, pitch, and height are controlled by the transfer
strategy.
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Integrated perception systems for real-time object states
tracking on surfaces
In order to obtain accurate position and orientation data for both the object
positioned on the reconfigurable surface and each individual module’s
surface, we employed a perception system based on computer vision. For
objects characterized as nearly-rigid, we utilized a motion capture setup,
equipped with six high-field-of-view and high-precision cameras (Vicon
Vero).Theseobjects carrieddeliberately placedmarkers toperformaccurate
tracking. The data obtained from the motion capture system was then
transferred to the closed-loop control setup through an I2C communication
protocol that was set to operate at a frequency of 100Hz. We adopted an
alternative approach for the objects having deformable materials and non-
rigid behavior where marker attachment is not possible. A camera-based
custom image processing setupwas established, employing a LogitechC270
webcam and OpenCV. This setup was utilized to detect the object’s

geometrical center and its boundaries. These methods enabled us to obtain
the position feedback for manipulating both deformable and non-
deformable objects on the reconfigurable surface.

Control system overview and implementation
The overall control of the developed system includes fivemain components
(Fig. 2). Manipulation strategy transitions are managed by predefined task
objectives. This system employs a state machine that dynamically alters
between three modes: translation, rotation, and flipping. The position and
the orientation of the object are obtained by the real-time sensor data from
the vision system, guiding the dynamic generationof the surfaces’ roll, pitch,
and height references in accordance with the appropriate manipulation
strategy. Using the inverse kinematics algorithm explained in Supplemen-
tary Notes 1, the desired joint angles are computed. These reference values
are then input into a PID-based servo motor controller, ensuring precise

Fig. 5 | Validation of translation, flipping, and rotation strategies for rigid
objects. a In translationandflippingexperiments, theobject (measuring8×8×3cm3 and
weighing 110g) translates from an initial point on Surface 1 to between two surfaces and
then flips. After flipping, the object’s position shifts towards Surface 1, and it is translated
again between two surfaces. b The position of the object in the surface frame is depicted
over time.Anoticeable 180° transition in theobject’s yaworientation in theglobal frame is

attributed to the flipping motion. Additionally, changes in the height of Surface 1 and
Surface2duringmanipulationare shown. cTheschematic shows the rotationexperiment
setup with the object positioned between the two surfaces. The experiment sets four
reference angles of 20°, 30°, 60°, and 80° and aims to rotate the object to the target
orientation.dThe reference angle and theobject’s actual orientation are compared. It also
highlights the dynamic adjustments in Surface 2's roll and height during operation.
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trajectory tracking of the joint commands. In the control scheme for the
BLDC motor, as illustrated in Fig. 2c, a cascade control structure is imple-
mented, comprising both a feedforward component and a current loop
within the position loop.

High-level controller for three different surface-based manip-
ulation strategies: translation, rotation, flipping

Translation
Surface-based manipulation enables moving an object from any initial
position to a specified target. Our translation strategy focuses on objects that

fit entirely on a single surface. As shown in Fig. 2, given the object’s current
centerof gravity (CoG)position, the goal is tomove its centroid to the target.
Here,Xerror andYerror are the positional errors along the local X- and Y-axes
of the surface.

We define the surface orientationwithXYZ-Euler angles and set yaw=
0 due to theCanfield structure’s directional constraint. Algorithm1 outlines

the complete procedure. Each control cycle computes pitch and roll refer-
ences based onXerror andYerror, with a PID controller determining the exact
angles (Fig. 2b and Eq. (2)):

Ref roll ¼ KPYerrorðtÞ þ Ki

R t
0 YerrorðτÞdτ þ Kd

d
dt Yerror;

Ref pitch ¼ KPXerrorðtÞ þ Ki

R t
0 XerrorðτÞdτ þ Kd

d
dt Xerror:

ð2Þ

In low-friction scenarios,where the friction coefficientμ is smaller than
tan(ψ) (the tangent of the surface’s normal vector polar angleψ), the control
approach resembles a classic ball balancing table. Here, adjusting the sur-
face’s inclination smoothly guides the object to its target. When the friction
coefficient between two objects exceeds 0.33, inclination alone may not
suffice. To overcome this, wemodulate the surface’s height as well as its

Fig. 6 | Shapemanipulation of free-form objects. aMethod for folding a long strip of
a deformable object. The process starts with a flip for Folding 1, followed by a translation
step to adjust the object for contact with both surfaces and then followed by Folding 2.

b The object’s XY-position and length changes throughout the experiment, with
noticeable shifts at second 1 and second 15. These shifts occur because folding alters the
object’sgeometry,whichaffectsboth its geometric center and thecamera’s trackingcenter.

Algorithm 1. Translation Strategy
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orientation (Fig. 2b), introducing vertical oscillations that reduce
frictional resistance and apply periodic impulses to move the object.
We define:

H ¼ A sinðωtÞ þ Hinit; ð3Þ

where t is the elapsed time, and ω is the oscillation frequency, adjus-
table to suit different objects. The elevation of the surface also affects its
maximum achievable tilt angle (see Supplementary Fig. 2). To main-
tain a large range of motion, here the vertical displacement amplitude
spans from 8 cm to 10 cm. Friction affects manipulation by influencing
the required oscillation amplitude and movement speed, creating a

trade-off between operational speed and the safe handling of delicate
objects.

Using Euler angles, the rotation matrix of the top surface can be cal-
culated in Eq. (4), where ϕ is the reference roll angle, and θ is the reference
pitch angle:

CWR ¼
cosðθÞ 0 sinðθÞ

sinðϕÞ sinðθÞ cosðϕÞ � cosðθÞ sinðϕÞ
� cosðϕÞ sinðθÞ sinðϕÞ cosðϕÞ cosðθÞ

2
64

3
75: ð4Þ

Neglecting vertical translation, the top surface’s normal vector is:

NOR
¼ CWR � ½0; 0; 1�T ¼ ½sinðθÞ;� cosðθÞ sinðϕÞ; cosðϕÞ cosðθÞ�T : ð5Þ

From NOR
, we derive the polar and azimuthal angles of the surface:

δ ¼ arctan
NOR

ðyÞ
NOR

ðxÞ

� �
¼ arctan � cosðθÞ sinðϕÞ

sinðθÞ

� �
;

ψ ¼ arccosðNOR
ðzÞÞ ¼ arccosðcosðϕÞ cosðθÞÞ:

ð6Þ

Once we determine the required orientation and height parameters (δ,
ψ, H) for the Canfield mechanism’s end-effector, we apply inverse kine-
matics (SupplementaryNotes 1) to compute the corresponding joint angles.

Rotation
We achieve surface-based object rotation by repeatedly establishing and
breaking contact between the object and multiple surfaces. As the object
interacts with these surfaces, their differing force directions enable complex
rotational maneuvers (see Fig. 2b).We define the object’s current yaw angle
as θyaw and the target angle as θref.

Building on the XYZ-Euler angle coordinate, we modulate Surface 2’s
roll angle to induce torque on the object (Fig. 2b), as determined by a PID
controller (Eq. (7)):

θsurface2 roll ¼ KP � θerrorðtÞ þ Ki

Z t

0
θerrorðτÞdτ þ Kd

d
dt
θerror: ð7Þ

Algorithm 2. Rotation Strategy
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Algorithm 2 details the rotation procedure. Each cycle adjusts
surface angles to exert torque, then returns them to a neutral state,
ensuring fresh contact points for subsequent cycles. During rotation,
we adjust the pitch angle of Surface 1 to incline toward the center,
against object displacement along the X-axis. Additionally, the roll of
Surface 1 is also adjusted by a fixed angle θγ in correspondence with the
object’s rotation direction, further facilitating the object’s rotation. In
cases where the surface reaches its maximum roll angle before
achieving the target object orientation, we realign the surfaces hor-
izontally and then raise Surface 2 back to its initial height, providing a
renewed contact interface (Algorithm 2 line 19-20). If the object still
does not reach the desired angle, the algorithm repeats these steps
(Algorithm 2 line 6-21) until convergence.

Flipping
Flipping an object by 180° requires surface delivering substantial impulses
within a brief timescale. As shown in Fig. 2b, our approach begins with the
object positioned in contact with two surfaces, with its CoG falling into
Surface 1. To initiate a flipping around a specific contact point, Surface 2
undergoes a rapid elevation, exerting a continuous force onto the object’s
one edge. To enhance this rotational trajectory, Surface 2’s initial ascent
deviates from a horizontal orientation by adopting a fixed angular tilt
relative to the Y-axis as detailed in line 9 of Algorithm 3.

As Surface 2 pushes upward, the object’s angular velocity increases.
Eventually, Surface 2 reaches its maximum elevation and loses contact,
leaving the object to continue rotating under gravity alone. For a successful
flip, the object’s angular velocity must remain positive when the line con-
necting its CoG and the contact point becomesperpendicular to the surface,
allowing gravity to complete the rotation.

Let ωt1 be the angular velocity of the object when it separates from
Surface 2. The kinetic energy at this point must be equal to or surpass its
gravitational potential energy for the flipping action to succeed.

Mathematically, this is expressed as follows:

0� 1
2 Jω

2
t1 ≥ L

2mgðsinðθÞ � 1Þ;
ωt1 min ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mgLð1�sinðθÞÞ

J

q
:

ð8Þ

Where θ is the angle between the target object and the horizontal when
Surface 2 detaches, J represents the target object’s rotational inertia on this
axis, and L is the object’s cross-sectional length.

The main strategy is centered on optimizing the linear velocity of
Surface 2. Adjusting Surface 2 to reach this critical velocity level can provide
the object with enough momentum to overcome gravitational forces:

Vmin vel required ¼ L � ωt1 min: ð9Þ

Another approach is tomaximize Surface 2’s acceleration, pushing it to
the highest possible speed. This strategy delivers maximummomentum to
the object, reducing uncertainties and increasing the likelihood of a
successful flip.

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper or the Supplementary Materials.
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