
Article https://doi.org/10.1038/s41467-025-57815-5

Miniature origami robot for various
biological micromanipulations

Bo Feng 1,2,3,4,6, Yide Liu 1,2,3,4,6 , Jiahang Zhang 1,2,3,4,6,
Shaoxing Qu 1,2,3,4,5 & Wei Yang 3,4

Robotic micromanipulation is widely applied in biological research and med-
ical procedures, providing a level of operational precision and stability beyond
human capability. Compared with traditional micromanipulators that require
assembly from many parts, origami manipulators offer advantages such as
small size, lightweight, cost-effectiveness, and scalability. However, there are
still requirements in biological application to address regarding stiffness,
precision, and dexterity. Achieving a compact and functional parallel
mechanism through origami structures remains a challenging problem. Here,
we present the Micro-X4, a 4-Degree-of-Freedom (4-DoF) origami micro-
manipulator, which offers a workspace of 756mm3, with a precision of 346 nm
and a stiffness of 2738 N/m. We conduct a series of micromanipulation tasks,
ranging from the tissue scale to the subcellular scale, including pattern cutting,
cell positioning and puncturing, as well as cell cutting and insertion. Contact
force measurement is further integrated to demonstrate precise control over
cell operations and puncturing. We envision the Micro-X4 as the foundation
for the next generation of lightweight and compact micromanipulation
devices.

Micromanipulation1 involves the manipulation of tiny objects using
precision tools, and it finds wide applications in the fields of
microsurgery2, cell manipulation3, and microassembly4,5. The strate-
gies of micromanipulation can be broadly categorized as noncontact
and contact methods, with field-driven and robotic manipulation1,6,7

being typical approaches for each. Previous research has demon-
strated the capabilities of robotic micromanipulation in tasks such as
cell injection3, cell characterization8,9, grasping10,11, and patch clamp12.
Robotic micromanipulation involves utilizing a micromanipulator
equipped with an end-effector. The micromanipulator acts as a plat-
form for precisemovements to a target location and orientation, while
the end-effector interacts with objects. Micromanipulators are typi-
cally multi-DoF mechanical systems constructed from metals and
actuated by motors or piezoelectric ceramics. They can seamlessly
integrate withmicroscopes, providing a fewmillimeters of stroke with

exceptionally high positioning resolution, generally at the sub-
micrometer scale. However, these manipulators often have a large
volume compared to their workspace, making them unsuitable for
compact integration with other devices. In addition, due to structural
constraints and limitations in their fabrication and assemblyprocesses,
miniaturizing these manipulators faces numerous challenges.

Origami robots13–16 represent a novel machining method with
unique advantages in manufacturing small and lightweight micro-
robots and micromanipulators. These technologies enable the
assembly of 2-D materials into complex and compact 3-D structures
through folding. This method has found successful applications in
areas such as robotic insects17,18, micromanipulators19,20, human-
machine interfaces21, and microsurgery robots22. The joints of ori-
gami robots are achieved through the bending of soft beams, resem-
bling the “living hinge” of compliant mechanisms23. Several classical
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parallel mechanisms have been miniaturized using this method19,21,
resulting inmicromanipulatorswith superior attributes, includinghigh
precision, speed, and dexterity.

However, current manipulators often find difficulties to meet all
the requirements of microsurgery and cell manipulation, particularly
in termsof stiffness andmobility. Theorigamimicromanipulatorshave
limited stiffness due to their soft joints,whichmakes them less suitable
for equipping additional sensors or executing contact operations.
Moreover, most previous origami micromanipulators had no more
than three limbs, limiting their mobility to three DoFs. Increasing the
number of limbs can benefit parallel micromanipulators by providing
both stiffness and mobility, as they can offer more support and
actuation to the moving platform, while also bringing complexity to
the design of origami structures and the folding assembly processes.

Taking the Smart Composite Microstructure (SCM) method as an
example, there are several limitations in the fabrication processes24.
Firstly, all neighboring links are connected by flexible membranes,
thus the structure can only contain revolute joints. Secondly, during
the laser machining process, all links must be flat. These limitations
bring challenges in fabricating closed-loop structures and folding
structures to assemble. The molding method demonstrates its cap-
ability tomanufacture parallel mechanismswithmore limbs, as seen in
the MiGriBot25, a four-limb parallel micromanipulator with three
translation DoFs plus a grasping DoF. However, the joints formed by
this method are made of polydimethylsiloxane (PDMS), resulting in
low stiffness. To meet the mobility and stiffness requirements in
micromanipulation while ensuring operational precision and work-
space, we identify and address two major challenges: developing ori-
gami parallel micromanipulators with more limbs and DoFs and
achieving driving and control strategies to maximize the actuation
precision.

Here, we present the Micro-X4, a four-limbed origami parallel
manipulator with four DoFs, including three translational DoFs and
one rotational DoF along the central axis of its moving platform. The
mechanism of the Micro-X4 was proposed originally for high-speed
pick-and-place manipulation26,27. The Micro-X4 offers a substantial
workspace of 756mm3 for constant-orientation and 362mm3 for total
orientation, with a sub-micron precision of 346 nm and a stiffness of
2738N/m.

To fabricate theMicro-X4, we propose a strategy for achieving the
complex origami parallel mechanism, which we called “split and spli-
ce”(see Methods section ‘The “split and splice” method’ and Supple-
mentary materials Note. S1). We have shown the universality of this
method in fabricating various types of closed-loop parallel mechan-
isms through the SCM method. The “split and splice” approach can
expand the scope of the SCMmethod and providemore devices in the
field of micromanipulation. To control the Micro-X4, we propose the
analytical kinematic solution considering the characteristics of the
origami structure (see Methods section ‘Kinematic model’ and Sup-
plementary materials Note. S4).

We have demonstrated the micromanipulation capabilities of the
Micro-X4 with several examples. The Micro-X4 is capable of perform-
ing tasks such as: (1) Cutting out patterns on the surface of the onion.
(2) Locating the cell nucleus in onion slices and puncturing onion cells.
(3) Utilizing the rotational DoF of the moving platform to switch the
end-effectors, enabling the cutting and inserting of a cabbage cell. (4)
Integrating contact force measurement enables precise cell touching
and puncturing.

Results
System description
Our micromanipulator contains an origami parallel mechanism with
four limbs, which has four DoFs - the translations along the X, Y, and Z-
axis and the rotation along the Z 0 axis of the moving platform (Fig. 1b
and Supplementary video. S1). The rotational DoF enables the robot to

control the orientation of the blade as an end-effector during the
pattern cutting or to switch the end-effectors to achieve complex tasks
(Fig. 1e and f). We further perform the rotational capability with a
simplified example. The Micro-X4 can insert the cube into the eight-
pointed star-shaped holes with various orientations (Fig. 1g and Sup-
plementary video. S2).

The whole robotic structure includes a 4-DoF origami parallel
mechanism, a metal base, four motors, and four sets of transmission
linkages (Fig. 1a). The parallel mechanism and the motors are fixed at
the metal base, and four sets of transmission linkages are connected
between the limbs and the motors.

We select a 4-DoF 3T1R (three translations plus one rotation)
parallel mechanism26,27 andminimize it to themillimeter scale through
the SCM method. The origami transmission mechanism is fabricated
following the “split and splice” strategy. Each limb of the transmission
mechanism contains a parallel-four-bars linkage, which is folded and
fixed by two pieces of alumina ceramics. The moving platform is
formed by two pieces of alumina ceramics with variable interfaces for
attaching different end-effectors (Fig. 1c). The origami parallel
mechanism weighs 2.48 g. It can fold up to a minimum size of
23.75mm×23.75mm× 32.1mm (Supplementary material Note. S1).

Each limb has an actuation joint, which is the joint closest to the
fixed platform. The link of the origami transmission mechanism and
the transmission linkage together form a parallelogram. Thus, for each
limb, the angle of the actuation joint is equal to the angle of the cor-
responding motor (Fig. 1d).

The origin of the fixed platform and the moving platform are set
as G and P, respectively. The position of the coordinate P with respect
to coordinate G is defined as the position of the moving platform
(Fig. 1a). The initial configuration of the robot is defined as the position
of the moving platform at (xm,ym,zm,αm) = (0mm, 0mm, 24mm, 45
[deg]). At this initial configuration, the input combination is
(θ1,θ2,θ3,θ4) = (− 4.23, − 4.23, − 4.23, − 4.23) [deg]. Considering the
mechanical interference of the 4-DoF origami transmission mechan-
ism, the input limitation of the actuation joint is set as [− 41, 23] [deg].

Workspace measurements and verification
Workspace measurement is categorized into constant-orientation
workspace and total-orientation workspace. Constant-orientation
workspace is defined as the maximum space the moving platform
can reach while maintaining its orientation. In this work, it is obtained
when αm = 45 [deg]. The total orientation workspace is defined as the
maximumspace that themoving platformcan reachwhile the rotation
range is large enough to cover the selected angles. In this work, the
orientation ranges [15, 75] [deg] and the workspace is obtained as the
intersection shape of two constant-orientation workspaces with
αm = 15 [deg] and 75 [deg], the analysis of this workspace is detailed in
Supplementary material Note. S5.

Themeasuredoutlines of the constant-orientationworkspace and
total orientation workspace are compared with the theoretical calcu-
lation result (Fig. 2). The measurements process are performed in
Supplementary video. S3.

The experimental data indicates that the outlines of the work-
space coincide very well with the kinematic model except for slight
distortion at sharp corners in the constant-orientation workspace. The
sources of these errors are discussed in the Supplementary material
Note. S7. The volume of the workspace can be measured from the
kinematic model. The volume of the constant-orientation workspace
and the total orientation workspace are measured as 756mm3 and
362mm3, respectively.

Precision measurements
The precision characterization of the Micro-X4 is separated into two
terms: positioning repeatability and orientation repeatability. For
positioning repeatability, we select nine representative points
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(Supplementary materials Note. S8) among the constant-orientation
workspaceof the robotwith 10 times repeated visits and 100 recording
points per visit (Supplementary video. S4 and Supplementary materi-
als Note. S9). The attained positions along each axis are recorded
separately. The uniaxial repeatability is calculated based on the stan-
dard deviation of the attained position with respect to the average
position. The results are:RPx = 270nm, RPy= 180nm, RPz = 120 nm. The
overall positioning repeatability is calculated as
RP = ðRP2

x +RP
2
y +RP

2
z Þ

1
2, which is ~ 346 nm. The orientation repeat-

ability is measured at the initial configuration. We maintain the posi-
tion of the robot at this point while rotating the moving platform back
and forward between 0 [deg] and 90 [deg] for 5 cycles with totally
1000 recording points. The orientation repeatability is calculated as
the standard derivation of the experiment data, which is ~ 0.17 mrad.

Supplementary video S5 demonstrates the large workspace and
high precision advantages of the Micro-X4. Themicromanipulator can
point the vertices and midpoints of two squares of different scales,
5mm and 10μm (Fig. 2c). It proves that the Micro-X4 can perform
large workspace while maintaining high precision.

Stiffness and force measurements
One of the most attractive properties of the Micro-X4 is its high stiff-
ness compared with other origami robots. These advantages enable
themicromanipulator tomeet the requirements of contact operations
such as detection, puncturing, cutting, and injectionwhilemaintaining

positioning precision. The statistical stiffness of the robot is measured
by maintaining the motors and applying forces on the moving plat-
form. We measure the compressive and torsional stiffness with dif-
ferent robot configurations. The tested points are the same as the
precision test, the block force along the X, Y, and Z axis and the block
torque along the Z 0 axis are recorded in Fig. 3a–d and Supplementary
materials Notes. S10. The measurement processes are recorded in
Supplementary video S6.

The block force and torque are selected as the deflection of the
moving platform at 50 μm or 0.5 [deg]. For translational motion, the
average block forces are 0.1369 N, 0.1762 N, and 1.173 N along the X, Y,
and Z-axis, respectively. The average block torque is0.757N ×mm.The
compressive and torsional stiffness are calculated as the secant stiff-

ness: KT = Block force@50μm
50μm or KR = Block torque@0:5½deg�

0:5½deg� . The corresponding

stiffness are KT
x = 2738N/m, KT

y = 3524N/m, KT
z = 23460N/m and

KR
z= 1.514N ×mm/[deg], respectively. The overall stiffness for the

whole mechanism is reported as the minimum stiffness along the X-
axis, which is 2738N/m. The high compressive and torsional stiffness
pave the way for further tasks with contact operations.

Trajectory and bandwidth measurements
In the trajectory test, four shapes are selected to demonstrate the
executing capability of theMicro-X4: “Z” shape, star, square, and circle.
We test the trajectories with four scales: 50, 500, 2000, and 4000μm.

Front view Side view

Eight-pointed star

Cube

Rotate

X

YZ

G

P

Translation along X Translation along Y

Translation along Z Rotation about Z’

Step 1 Step 2 Step 3 Step 4 Step 5

Step 1 Step 2
Step 3

Step 4 Step 5

Origami parallel mechanism

Motor
Base

Transmission linkage

5mm

10 mm

X’Y’
Z’

θi (i=1-4)

5mm

a b c d

e

f

g

Fig. 1 | Robotdesign. a Imageof theMicro-X4.Theorigins of thefixedplatformand
the moving platform are set as G and P, respectively. b Demonstrations of the four
DoFs. c Image of origami parallel mechanism and the exploded illustration of the
Computer-Aided Design (CAD) model. A coin is included for scale. d Perspective
CAD model and the transmission linkage. The link of the origami parallel
mechanism, the transmission linkage, and the arm of the motor together form a
parallelogram. The input angle of the origami parallel mechanism is equal to the

angle of the motor. e Pattern cutting with a knife end-effector. Step 1: cut the
bottom line. Step 2: cut the top line. Step 3: rotate the orientation of the blade. Step
4: cut the right line. Step 5: cut the left line to close the pattern. f Cell surgery with
two end-effectors: a knife and a needle. Step 1-2: cut an openingwith the knife. Step
3: rotate to switch to the needle. Step 4-5: insert the needle through the opening.
g Utilizing the rotational DoF to insert the cube into eight-pointed star holes with
different orientations.
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The frequencies are selected as 0.05, 0.1, 0.5, 1, and 2Hz for scales
under 500μm. For trajectories at 2000μm and 4000μm, the test
frequency is selected as 0.05Hz and 0.1 Hz to avoid distortion. Selec-
ted trajectories are performed in Fig. 3e–h and Supplementary
video S7. We also test the maximum speed of Micro-X4 as ~ 124mm/s
by driving themoving platform back and forward along a 12.4mm line
at 5Hz.

We further calculate the trajectory repeatability to evaluate the
performance of the execution and to analyze the relationship between
the trajectory repeatability and the execution conditions. The metrics
are calculated across five cycles and demonstrated in Fig. 3i and j. For
all tests at 50μm, the trajectories show no significant differences, all
repeatability are smaller than 2μm. At the fixed frequency of 0.05Hz,
the repeatability gradually deteriorates as the scale increases but
remains within 6μm. Overall, the Micro-X4 exhibits high trajectory
repeatability.

Micromanipulation demonstrations
To demonstrate the micromanipulation capabilities of the Micro-X4,
we present four examples highlighting its performance. Attributed to
characteristics such as large workspace, high stiffness, high precision,
and dexterity, the Micro-X4 is capable of covering micromanipulation
tasks at multiple scales28 from large to small: tissue - cellular - sub-
cellular. The sensing capability of the Micro-X4 is further demon-
strated through the achievement of contact force measurement and
precise cell contact operation.

Pattern cutting. Soft tissue manipulation2 is the fundamental of
neurosurgery29,30, eye surgery31,32, and facial transplantation33,34. These
microsurgeries required the accuracy and dexterity of tissue manip-
ulations such as cutting, peeling, transplantation, and insertion.
Among these, cutting specific patterns on tissue is one of the most
important procedures. Here we demonstrate the Micro-X4 with cut-
ting patterns on the onion slice (Supplementary video S8). In this
demonstration, a knife is fixed in the middle of the moving platform
(Fig. 4a). We show that the Micro-X4 can cut diamond patterns at
different scales (Fig. 4b and c). For other shapes, we can separate them
into multiple diamond elements and then cut the outlines of the ele-
ments to fit the shape (Fig. 4d). Here, we perform two patterns: a 5mm
circle and a 5mmsquare (Fig. 4e and f). It is shown that theMicro-X4 is
capable of cutting patterns with different scales and shapes, which is
an important application in microsurgery.

Cell locating and puncturing. Cell injection is one of the most
important topics in cell manipulation research, which has wide
application in fertilization3 and drug delivery35. Robotic
microinjection36,37 is gaining popularity over manual injection for its
accuracy and efficiency. The rapid and precise locating of the injec-
tion target is a crucial factor in promoting injection efficiency. Here
we demonstrate the robot’s capability to locate and puncture cells by
a needle end-effector (Fig. 4g and Supplementary video S9). We
demonstrate the Micro-X4 aligning the needle tip to a selected cell
nucleus within a stained onion slice (Fig. 4h). The Micro-X4 can also
puncture the onion cells using the needle (Fig. 4i). This experiment
proves the potential of the Micro-X4 to serve as a platform for high-
throughput microinjection.

Cell cutting and inserting. Cell surgery38 provides a strategy for
understanding the fundamentals of genes anddiseases,which requires
subcellular manipulation39. Different cell surgeries generally apply
different end-effectors to meet different tasks such as cell holding3,
biopsy9, cutting40 and nuclear transfer41. With the evolvement of cell
surgery, surgical procedures are becomingmore intricate, demanding
a wider array of tools and end-effectors. Taking yeast cell microinjec-
tion as an example, rigid cell walls are difficult to penetrate, which is

required to break the cell walls before injection. To conquer this dif-
ficulty, mechanical42 and electroporation43 methods are introduced in
previous researches, and those methods make the entire surgical
processmore complex. To simulate the process ofmicroinjectionwith
rigid cell walls, we execute a simulation on a cabbage cell (Supple-
mentary video S10). The Micro-X4 is equipped with two end-effectors,
a blade and a needle (Fig. 4j). The micromanipulator can cut a line on
the cell with the blade to create an opening (Fig. 4k), and then rotate
the moving platform to switch the end-effector to the needle. Finally,
the manipulator extends the needle into the interior of the cell along
this opening (Fig. 4l). It is shown that the Micro-X4 is capable of
equipping multiple end-effectors and achieving end-effector switch-
ing, which proves that Micro-X4 is a possible tool for complex cell
surgery and sub-cellular micromanipulation tasks.
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Source Data file.
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Cell touching and puncturing. The Micro-X4 is equipped with a thin
film pressure sensor between the end-effector and the moving plat-
form, demonstrating the feasibility of integrating sensing capabilities
within micromanipulation in an origami micromanipulator. The sensor
enables the robot to acquire contact force during operations. Based on
this, we execute a cell touching andpuncturing experiment. TheMicro-
X4 is equipped with the sensor and a needle (Fig. 4m). The robot
alternately performs the ‘touching - puncturing - touching - puncturing

- touching - puncturing’ sequence along a series of six onion cells
(Fig. 4o). ‘Touching’ refers to the operation where the needle tip con-
tacts the cell, causing it to deform noticeably. ‘Puncturing’ refers to the
operation of piercing the cell. This demonstrates that precise contact
operations can be achieved with the origami micromanipulator by
measuring the contact force (Fig. 4n). This experiment is recorded in
Supplementary video S11. The devices and control algorithm can be
found in Methods section ‘Contact operation force control’.
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Discussion
To summarize, the micromanipulation demonstrations prove that the
Micro-X4 can execute multiple tasks from the tissue scale to the sub-
cellular scale. By integrating the origami design, including flexible
hinges and flat-foldability, we can rapidly fabricate complex closed-

loop parallel mechanisms, further enhancing the assembly and
execution precision of the robot. Compared to the state-of-the-art
origami micromanipulators, the Micro-X4 offers large workspace
(756mm3), high precision (346 nm), and high stiffness (2738N/m) to
cover the requirements of the practical application. We conduct a
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Fig. 4 |Micromanipulationdemonstrations. a Image of theMicro-X4with a blade
end-effector for pattern cutting. b, c Cutting diamond shape patterns at 5mm (b)
and 500μm (c). d Illustration of trajectory planning for circle pattern. e, f Cutting
circle (e) and square (f) patterns at 5mm. g Image of the Micro-X4 with a needle
end-effector for cell locating and puncturing. h Locating the cell nuclei of a stained
onion slice. i Puncturing the onion cell. j Image of the Micro-X4 with two end-

effectors, a blade, and a needle. k Cutting an opening on the cabbage cell with the
blade end-effector. l Inserting through the opening with the needle end-effector.
m Image of the Micro-X4 with a needle end-effector and a pressure sensor for
contact force measurement. n Contact force during the operation sequence.
o Touching and puncturing a series of cells through contact force control. Source
data of (n) are provided as a Source Data file.
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comparison between the Micro-X4 and several other micromanipula-
tion platforms to demonstrate the advantages of our work in compact
size, large relative workspace, and high precision (Methods section
‘Performance comparison’ and Fig. 5). In addition, the rotational DoF
endows the Micro-X4 with dexterity in complex tasks such as cutting
patterns or switching end-effectors. This study is expected to provide
new strategies for robotics and origami research, specifically in the
construction of origamimicromanipulators, and to offer a new tool for
fields such as biology, medicine, and micro-automation.

From the aspects of fabrication, the Micro-X4 is one of the most
complex structures in the field of origami micromanipulators for its
four limbs and total 48 joints. To conquer this fabrication challenge,
we propose the “split and splice”method, which canbe further applied
in other complex origami structures. From the aspects of actuation
and control, the analytical kinematic model for origami structures can
be referred to as the modeling of other origami structures.

Although the proposed Micro-X4 exhibits high precision for its
repeatability, the absolute accuracy of most origami micro-
manipulators, including this robot, is not high enough. From the per-
spective of the origami mechanism, the reasons include low material
modulus and the influence of the torque generated by the soft joint on
the mechanism configuration during large rotating angles. We plan to
develop an error evaluation model to analyze the impact of the

aforementioned factors on the configuration and end pose of the
robot. The model can guide the material selection, geometric design,
and driving method of the origami micromanipulator. We expect to
optimize the absolute accuracy to within 10μm.

Further researchwill focus on the integration of theMicro-X4with
other devices to expand the manipulation capability(Fig. 6). In
microsurgery, the Micro-X4 can be connected to the end of a large
seriesmanipulator. In this case, the seriesmanipulator plays the role of
the platform to a target location and orientation, while the Micro-X4
works as the end-effector for high-precision manipulation. Several
Micro-X4 can be integrated to construct amultiple robots platform for
complex manipulation tasks or to promote manipulation efficacy. In
cell manipulation and microassembly, functional end-effectors can be
developed to perform more complex contact operations such as
grasping and adhesion.

Methods
The “split and splice” method
Microstructures containing close-loops, such as micro-parallel
mechanisms are generally hard to fabricate with traditional methods.
The SCM method provides a powerful tool for fabricating micro-
structureswithmassive joints. For amicroparallelmechanismwith the
SCM method, a generic method for designing the fabrication process
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Fig. 6 | Further applications of Micro-X4. a Integrate with a series manipulator as an end-effector. b Construct a multi-robot platform for complex manipulation tasks.
c Equipped with functional end-effectors (a micro gripper).
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can greatly reduce the difficulties and complexities of the manu-
facturing. Here we present the “split and splice”method to expand the
scopeof the SCMmethod to themicro close-loop structures andmicro
parallel mechanisms. The idea can be demonstrated in three
steps (Fig. 7a).

The first step is to split the x-limb parallel mechanisms twice. The
first time, the mechanism is separated into M separated chains, this
splitment is under the longitude direction. The second time, each
separated chain is splited into N parts. Thus, the parallel mechanism is
totally splited into M ×N parts. The second step is to fabricate the
separated chains by the SCMmethod. Since the close-loops are broken
in the first step, the planarized process is easy to achieve here. The
parts are connected into separated chains by adhesion and key-
keyhole22,44 connection. Finally, the separated chains are connected
into a complete closed-loop parallel mechanism.

The selection of the splitment need to follow the rules:
• In the longitude direction, for an x-limbs parallel mechanism, the
parameter M is generally selected as M ≤ x to avoid redundant
platform fragments.

• In the latitude direction, for a limbwith y joints, the parameterN is
generally selected as N ≤ y to avoid redundant limb fragments.

The X4 parallel mechanism is a 4-limb mechanism, and each limb
contains a parallel-four-bar linkage. In thiswork, the “split and splice” is
successfully applied to fabricate a millimeter scale Micro-X4 mechan-
ism through the SCM method. We also provide two other demos, the
Sarrus mechanism and Delta mechanism, via the “split and splice”
method (Fig. 7b–d). The complete SCM process of the Micro-X4 is
demonstrated in Supplementary Material Note. S1. Themanufacturing
error of the origami transmission mechanism is analyzed in Supple-
mentary Material Note. S2.

Kinematic model
The kinematic model of the Micro-X4 bears a resemblance to the
conventional X4 structure’s kinematic model, albeit with a few
significant modifications. Notably, a primary difference between
the origami structure and the traditional kinematic model is
observed in the geometry of the parallelogram linkages within
each limb. The presence of parallelogram linkages within the limb
is a standard design feature in parallel mechanisms with transla-
tional DoFs. Typically, these linkages are arranged in series
between two revolute joints (Fig. 8a). In conventional industrial
robots, this limb kinematics are often achieved by utilizing four
universal joints or spherical joints with specific constraints
(Fig. 8b). The coinciding axes of these joints facilitate ease in
kinematic models.

While in the SCM structure, we split the limb to make it available
for the planarized fabrication process. We prefer to fabricate these
linkages by individually revolute joints, which leads to a bias between
the revolute joints and the parallelogram linkage (Fig. 8c). The impact
of this deviation has been discussed in milliDelta robot19, where it
slightly affects the workspace’s shape.

In the kinematic model, disregarding the bias generated by the
characteristics of the origami structure won’t affect the repeatability
performance, but it will affect the accuracyof themotion. For instance,
executing trajectoriesmay result in distortion (Fig. 8d). To address this
issue and promote execution accuracy, we propose an inverse kine-
matic model that accounts for this bias. A comprehensive derivation is
detailed in Supplementary Material Note. S4.

Actuation and control method
The control architecture of the Micro-X4 is illustrated in Fig. 9.
The Micro-X4 is actuated by four motors equipped with encoders
(DM-R-3505, HAITAI). The target position for these motors is
determined using the inverse kinematic model with the desired

destination. The motor’s position is sampled by the encoder,
enabling the computation of the motor’s velocity based on its
position. The target velocity is set at 60 [deg]/s, and the current is
limited to 1.02 A. All these data are gathered by the field-oriented
control driver. Three Proportional-Integral-Differential (PID)
controllers are implemented within the field-oriented control
driver to compute the driving signal according to the target
position, velocity, and current. The calibration process of the PID
controller is demonstrated in Supplementary Material Note. S6.
Subsequently, this driving signal is transmitted to the motor,
enabling the origami transmission mechanism to achieve the
desired destination.

Contact operation force control
The thin film pressure sensor PXS-S6ST-50K (GuanZhou PuHui Tech-
nologyCo.Ltd) is fixed between themoving platformand the needle to
measure the normal force along the needle. During the cell contact
operation process, we primarily focus on three values: the current
value of the sensor Ft, the minimum value recorded in this operation
Fmin, and the maximum value Fmax.

For the cell touching operation, we set an upper limit for the
contact force FU, when Ft achieve or above the upper limit, the
needle will hold on for a while and retract. The algorithm is shown
in Algorithm 1. During the cell puncturing process, precise con-
trol of the needle is critical to ensure that cells are punctured
rather than cut through. With force measurement, we are able to
monitor the change in the contact force. A rapid decrease implies
that the cell has already been punctured. Based on this judgment,
we set the puncture force threshold R = 0.18, meaning that when
Ft is below 82% of the maximum puncturing force (Fmax − Fmin),
the needle tip will retract. This ensures that only the cell wall is
punctured without penetrating the entire cell. The process is
demonstrated in Algorithm 2.

Algorithm 1. Cell touching
1: while Touching command starts do
2: if Ft < FU then (Contact force not achieve the upper limit)
3: Needle tip keeps going down
4: else
5: Needle tip stays in the current position for a while
6: Needle tip lifts
7: break
8: end if
9: end while

Algorithm 2. Cell puncturing
1: while Puncturing command starts do
2: if Ft < FU then (Before puncturing, ensure contact with the cell)
3: Needle tip keeps going down
4: else
5: if (Fmax− Ft)≥R(Fmax− Fmin) then (A rapid decrease in contact

force implies that the cell has been punctured)
6: Needle tip lifts
7: break
8: else
9: Needle tip keeps going down
10: end if
11: end if
12: end while

Performance comparison
The characterization results of theMicro-X4are comparedwith several
othermicromanipulation devices. To standardize the performances of
different platforms, we utilize several metrics. The characteristic

Article https://doi.org/10.1038/s41467-025-57815-5

Nature Communications |         (2025) 16:2633 9

www.nature.com/naturecommunications


dimension Ld of the platform is defined as:Ld =Volume
1
3 mm. The

dimensionless relative workspace ratio Rs
45 is defined as:Rs =

Workspace
1
3

Ld
.

We select three types of micromanipulation platforms: origami
micromanipulators19,46,47, commercial micromanipulators48–55, and
compliant micromanipulators25,56–62.

The actuators of certain platforms occupy a relatively large
proportion of the mechanism. For example. the Micro-X4 holds
potential for further miniaturization by replacing smaller motors
(Supplementary material Note. S12.). Therefore, the main bottleneck
in the further miniaturization of such platforms is the actuators
rather than the mechanism, as indicated by references19,25,47 and
Micro-X4.

For these devices, we have calculated the volume and other cor-
responding indicators separately for both the parallel mechanism and

the entire set of equipment. Regarding precisionmetrics, some studies
have reported the repeatability of the devices, while others have used
resolution or have converted it.

Origami micromanipulators exhibit a smaller volume
(Ld ≤ 150mm), anaverageRs (with values ranging from0.1 to0.2), and a
precision worse than 1μm. Commercial micromanipulators generally
follow the rule that a larger Ld corresponded to a smaller relative
workspace Rs. These devices typically maintain high precision and
mostly achieve sub-micron. Regarding compliant micromanipulators,
most of them exhibited a small relative workspace (Rs≤0.1), but all
have precision below one micron. In comparison to these platforms,
the parallel mechanism of the Micro-X4 exhibits one of the highest Rs

values. Moreover, the Micro-X4 stands as the first origami micro-
manipulator to achieve sub-micron precision. Among all platforms
with Ld ≤ 30mm, the parallel mechanism of theMicro-X4 shows one of
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Fig. 8 | Parallelogram linkages in mechanical structure and origami structure.
a Theoretical model of a limb contains parallelogram linkage. The linkage is in
series between two revolute joints. b Conventional mechanical design of the limb.
Revolute joints and the parallelogram linkage are achieved by four spherical joints
with extra constraint links. The axes of the revolute joints and the axes of the joints
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are provided as a Source Data file.
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the best performances in terms of workspace and precision. The
parameters of the platforms selected for comparison are listed in
Table 1.

Data availability
All data generated or analyzed for this paper are included in the
published article, its Methods, and Supplementary Information.

Original videos and sensor data are available from the corresponding
author on reasonable request. Source data are available at https://doi.
org/10.5281/zenodo.1486076763.

Code availability
Source codes are available at https://doi.org/10.5281/zenodo.
1486076763.
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Fig. 9 | Control architecture of the Micro-X4. The target motor position is
determined using the inverse kinematic model with the desired destination. The
motor’s position is sampled by the encoder and subsequently transmitted to the
Field-Oriented Control driver. The motor’s velocity is calculated from the encoder

position. The target velocity is manually set. Themotor’s current is sampled by the
Field-Oriented Control driver, and its limitation is manually set. The calculated
driving signal is then sent to the motor.

Table 1 | Relevant parameters for a selection of micromanipulation platforms

Name Size (mm) Characteristic dimension
Ld (mm)

Workspace
(mm3)

Relative workspace
ratio Rs

Precision (μm)

Origami milliDelta19 15 × 15 × 9.05* 12.7 7.01 0.151 5

15 × 15 × 20 16.5 – 0.116 –

Correa et al.46 100 × 100 × 100* 100 700* 0.089 100

Kalafat et al.47 D175 ×H40* 98.7 8000 0.202 \

D280 ×;H70* 162.7 0.123

Micro-X4 (This work) 24 × 24 × 32 26.4 756.2 0.345 0.346

85 × 85 × 88 86 0.106 –

Commercial MX760048 208 × 173 × 206 195.0 8000 0.102 2

uMP-3∣449 39 × 93 × 101 71.5 8000 0.280 0.1

SM 3.2550 178 × 126 × 182 159.8 15625 0.156 0.025*

PatchStar
Micromanipulator51

110 × 78 × 205 120.71 8000 0.165 0.1*

MP-28552 110 × 150 × 160 138.2 15625 0.181 0.04*

InjectMan® 453 129 × 51 × 36 61.9 8000 0.323 0.02*

M-VP-25XA-XYZL54 126 × 144 × 201 153.9 15625 0.162 0.4

MS15 xyz-mounted55 15 × 7 × 15 11.6 42.875 0.301 1

Compliant MiGribot25 19 × 22 × 0.4 10.68 1.56* 0.211 1

38.5 × 38.5 × 58.0* 44.1 – 0.026 –

Wu et al.56 150 × 150 × 50 104 5.4 × 10−7 7.83 × 10−5 0.005*

Zhang et al.57 D264 ×H148.4 201 3.84 × 10−4 3.61 × 10−4 0.045

Cai et al.58 D150 ×H143 136.2 1.14 × 10−6 7.66 × 10−5 0.04*

Ahn et al.59 180 × 180 × 30.7 99.8 0.972 0.010 0.02*

Varadarajan et al.60 250 × 250 × 80 171 1.28 × 10−4 2.94 × 10−4 0.04*

Furutani et al.61 170 × 170 × 108 146.1 4 × 10−5 2.34 × 10−4 0.1*

Zhang et al.62 10 × 10 × 1.5 5.31 3.78 × 10−5 0.006 0.02

The data not directly reported in the literature have all been calculated and estimated through the figures or converted from the reported data. These data are marked with an asterisk *. For
milliDelta19, Kalafat et al.47, Micro-X4 and MiGribot25, we duplicate these rows to compare performance of this items when considering or ignoring the dimensions of the actuators.
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