
  

  Abstract— Small-scale robots are rapidly advancing in 

diverse fields such as industry and medicine. To be effective, 

they must be capable of accessing narrow, tortuous, or 

otherwise hard-to-reach environments and performing precise 

manipulation. This paper presents a vision-based closed-loop 

motion control scheme for a developed fiber-driven continuum 

robot for cross-scale motion. Function-multiplexed optical 

fibers are employed to achieve macro motion through fiber 

actuation and micro motion through light transmission within 

the fibers. An external eye-to-hand camera system observes a 

fiducial tag to estimate its 3D pose relative to the camera frame. 

The coordinate transformation between the tag and the 

end-effector is calibrated, along with the mapping between 

input laser power and light-induced joint contractions. A 

two-stage image-based visual servoing strategy is then 

implemented to guide the tag toward the target image position, 

thereby realizing closed-loop hybrid macro–micro motion 

through the developed kinematics and visual feedback. 

Point-tracking experiments demonstrate that the small-scale 

continuum robot, with an outer diameter of approximately 1.2 

mm, can achieve precise cross-scale motion across workspaces 

ranging from tens of microns to the millimeter scale under the 

proposed control scheme. This work highlights the potential of 

hybrid macro–micro motion with visual servoing for deep 

access and high-precision operation in endoluminal 

interventions. 

I. INTRODUCTION 

Miniaturized robotics are undergoing rapid development 

and playing an increasingly vital role across various research 

and industrial fields [1-6]. Their practical applications have 

expanded to include the high-precision assembly of small, 

complex products and the detailed inspection of industrial 

pipelines for search-and-rescue operations in inaccessible 

environments as well as for a wide array of diverse healthcare 

functions [7-11]. These operational settings are frequently 

characterized by confined, tortuous, or restricted geometries 

[12],[13]. There is a critical demand for small-scale robots 

that possess high positioning accuracy to ensure seamless and 

precise navigation within such complex spaces. [14-16].  

To enable small-scale robots to adapt to confined 

environments, various small-scale robotics systems have 
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been investigated [17-19]. Nwafor et al. designed a miniature 

3-DoF glass fiber actuated parallel continuum robot. Each 

glass joint has an extension range from 6 to 15 mm and a 

diameter of 125 μm. And its capability, such as stiffness and 

manipulability were evaluated [20]. At the same time, they 

also present a new concept of a miniature concentric tube 

robot, which are widely used in medical applications. The 

proposed concentric tube robot is made of thermal treated 

capillary flexible concentric tube, the size of which is only 

0.43 mm, and possess unprecedented radius of curvature that 

reaches as low as 5 mm. The demonstration, such as laser 

emission, fluid sample suction, and delivery operation, 

proved the robot have a good performance [21].  

These miniature robots are typically endowed with 

macro-range motion with millimeter-scale accuracy [22-25]. 

Therefore, traditional miniaturized robots are often limited by 

the coarse positioning and maneuverability of instruments, 

making them difficult to perform micro and delicate tasks. To 

achieve high actuating accuracy, Suzuki et al. described an 

origami-inspired miniature manipulator with remote center of 

motion for teleoperated microsurgery. The results and 

features show that the mini robot has the potential in 

microsurgical procedures [26]. An et al. presented an image 

vision guided robotics system for automated brain electrode 

assembly under the microscope field-of-view, and the robotic 

system possessed submicron displacement accuracy for the 

precise control of the probe [27]. However, for practical 

robotic operation, it requires both rapid macro motion to 

reach to the target site and precise micro-motion for local 

manipulation, and thus needs a robot with cross-scale motion 

control.  Hence, there is a need to design a robot capable of 

cross-scale manipulation, combining macro-level 

maneuverability with micro-scale precise positioning. 

Existing approaches capable of cross-scale motion have 

been investigated [28-34]. A common method in minimally 

invasive robotic surgery is inserting the surgical instrument 

inside the patient’s body for macro motion and a 

microsurgical robot are mounted on the tip of the instrument 

for micro operation. Vandebroek et al. proposed a concept of 

small-diameter multi-arm robot for intervention surgery. The 

design achieved an excellent decoupling of the macro 

platform and micro end-effectors [35]. Russo et al. designed a 

soft fluidic micro-actuator mounted on the top of an 

endoscope to realized cross-scale manipulation in a surgical 

scenario [36]. And to overcome the limitations of current 

robot architectures, and to enable image-based biopsy and 

micro-surgery in confined spaces, Giudice et al. achieved 

micro-motion through equilibrium modulation, which is 

realized by modulating the distribution of robots’ 
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cross-sectional flexural rigidity of multi-backbone continuum 
robots [37]. To enhance the capability of macro robot, Lin et 

al. inserted a fiber with eccentric lumens into a continuum 

robot to produce micro-motion for a macro continuum robot. 

The results indicate that the repeatability of micro-motion is 

10.1 μm [38]. Furthermore, to realize a higher positioning 

accuracy and bigger operation workspace, vision-based 

robotic system is utilized to improve control accuracy [39-41]. 

A robotic micromanipulation system enable precise and 

repeatable operations under a microscope was developed. The 

system utilized an external camera as macro visual feedback 

to obtain the macro field-of-view, to guide the tool into the 

microscope field-of-view. And then they used microscope to 

provide a micro visual servoing to implement 

micro-operation of the tool. 

However, to realize cross-scale manipulation for 

intervention procedures, the associated challenges include 

miniaturized robot size, macro-micro trade-offs in terms of 

speed, range of motion and accuracy, and actuation cross-talk. 

Toward a small target in a confined space with tortuous access 

channels, possessing both high steerability and high 

positioning accuracy is necessary. Therefore, there has been a 

high demand for a small-scale continuum robot capable of 

cross-scale operation with high accuracy for targeted 

manipulation in a confined workplace. And vision-based 

feedback will help improve the cross-scale motion control 

accuracy. 

 The main contribution of this paper is the development of 

a vision-based closed-loop control scheme for a fiber-driven 

continuum robot capable of cross-scale motion. 

Function-multiplexed optical fibers enable macro motion via 

fiber actuation and micro motion via light-induced joint 

contraction. An external eye-to-hand camera tracks a fiducial 

tag to estimate its 3D pose, with coordinate transformation and 
laser power-joint mapping calibrated. A two-stage 

image-based visual servoing strategy guides the tag to the 

target, achieving closed-loop hybrid macro–micro motion 

through the developed kinematics and visual feedback. This 

work demonstrates the potential of hybrid macro–micro 

motion with visual servoing for deep access and 

high-precision operations in endoluminal interventions.  

This paper is organized as follows. Section II describes the 

system design, including the macro–micro motion mechanism, 

the macro manipulator design, and the micro manipulator 

design. Section III presents the methodology, including the 

kinematic model of the macro–micro manipulator, 

image-based visual servoing control, the control strategy for 

macro–micro motion, and parameter calibration. Section IV 

introduces the experimental platform and validates the 

macro–micro motion using image-based visual servoing. 

Finally, Section V concludes this article. 

II. ROBOT DESIGN FOR CROSS-SCALE MOTION 

A. Cross-Scale Motion Mechanism 

The proposed configuration of the fiber robot is shown in 

Figure 1(a). The intrinsically-decoupled optical fiber-actuated 

miniature fiber robot has a serial-parallel configuration, 

consisting of a macro tendon-driven continuum robot and a 

micro light-driven parallel robot. The same optical fibers are 

used for simultaneous mechanical and light actuations for both 

macro and micro motions. Here, three independent liquid 

crystal elastomer (LCE) fibers (outer diameter of about 300 

μm) are assembled into a three degrees-of-freedom micro 

robot (outer diameter of about 1.2 mm), and three built-in 

optical fibers introduce light stimuli to the LCE fibers. Above 

that, a micro light driven parallel robot is mounted on the tip of 

 
Figure 1. Schematic illustration of closed-loop control for cross-scale motion towards the miniature continuum robot. (a) The cross-scale miniature 
continuum robot comprises two main components: macro tendon-driven continuum robot and micro light-driven parallel robot. An ArUco tag is attached 

to the tip of the micro robot, and is relatively stationary with the end-effector. A camera is place above the tag to provide image feature recognition for 

closed-loop control. (b) Transformation matrix. Schematic of the coordinate frame transformations. {C}: camera frame; {M}: marker frame; 

{E}:end-effector frame of the robot; {B} base frame of the robot. 
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a macro robot. By controlling the output light intensity, 

precise motion can be achieved. The proposed concept with 

decoupled actuations lays the foundation for the macro-scale, 

rapid maneuvers and micro-scale, delicate operations toward 

endoluminal and endocavitary intervention. 

B. Hardware System Design 

Both macro robots and micro robots comprise three joints, 

which are arranged circumferentially at 120° intervals. The 

backbone of the macro robot is an elastic and straight nitinol 

wire arranged centrically with diameter of 200 μm. 3D printed 

spacer disks are rigidly attached to the nitinol backbone with 

equidistant spacing. Three optical fibers with over all diameter 

of about 250 μm are attach to the end disk of the robot to 

induce bending. Each optical fiber is routed in parallel to the 

nitinol backbone through holes of the spacer disks and 

multi-lumen shaft. Each optical fiber then is attached to a 

linear motor. The curvature of the macro continuum robot is 

controlled by linear motor actuation. 

The structural design of the micro parallel robot is similar 

to that of the macro continuum robot described above. Both 

ends of each light-responsive LCE fiber are attached to two 

disks. Optical fibers are inserted into the LCE fibers to act as 

waveguides, delivering light to the LCE fiber matrix. The 

curvature of the macro continuum robot is controlled by the 

contraction of the LCE fibers. 

An ArUco tag is attached to the tip of the micro robot and 

remains relatively fixed with respect to the end-effector. A 

high-resolution camera is placed above the tag to provide 

image-based feature recognition for closed-loop control. 

III.  METHODS 

A.  Kinematics of Cross-Scale Motion 

This section introduces the kinematic model of 

cross-scale motion. Constant curvature assumption is adopted 

for both macro and micro motion kinematic modeling due to 

their simplicity. To simplify the description, we take the 

micro robot as example to illustrate the kinematic model. The 

kinematics based on constant curvature can be decoupled into 

two parts. One is from the actuator space the to configuration 

space, and the other is from the configuration space to the task 

space. Here, the actuator space q  consists of three actuator 

lengths 1q , 2q , 3q , while the configuration space consists of 

the bending plane angle  , the bending angle  , and arc 

length s . The task space here contains the position and 

orientation of the tip. The robot-specific mapping from LCE 

length (or optical fiber length) 1q , 2q and 3q  to configuration 

space  , , and s can be written as [42]  
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where r represents the distance from the center of the tendon to 

the center of the robot. From the configuration space to the 

task space, the homogeneous transformation matrix can be 

written as 
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According to Eq. (1)-(4), the forward kinematics of 

continuum robot can be established. Then after derivation, the 

Jacobian matrixes from the actuating space to configuration 

space and from the configuration space to the task space can 

be calculated as shown in Eq. (5) and (6). 
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(6) 

 Finally, the Jacobian from the actuating space to the task 
space with respect to the base coordinate frame can be 
calculate as 
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(3 3) (3 3)
B

E a t a c c t− −  − = = J J J J                      (7) 

where 
B

EJ represent the Jacobian matrix from actuation space 

to the task space in base frame. 

B. Image-Based Visual Servoing 

This section describes the implementation of image-based 

visual servoing to verify the cross-scale capability of the 

miniature continuum robot. We consider an eye-to-hand 

robotic setup, where the camera is fixed and it coordinate 

frame defined as {C}, as shown in Figure 1(b). The robot 

end-effector defines frame{E}, and a fiducial tag (ArUco) 

rigidly attached to the end-effector defines frame {M}. A 

fixed camera observes the tag, which is rigidly attached to the 

miniature continuum robot's end-effector. The image-based 

visual servoing scheme for the cross-scale motion is 

illustrated in Figure 1(a). The goal of the image-based visual 

servoing is to actuate both the macro tendon-driven 

continuum robot joints and micro light-driven robot joints so 

as to minimize the image error e  between the target 

points *p and the observed robot features p , using a set of 

image features in the image-plane coordinates 

image=e J q                                      (8) 

where imageJ represents image Jacobian. 

To facilitate easier and more accurate localization of the 

miniature continuum robot’s end effector, a miniature ArUco 

tag is attached to the tip of the miniature continuum robot. 

The ArUco marker can detected by a high-resolution camera. 

After calibrating the camera’s intrinsic parameters, the 

transformation from the camera coordinate {C} to the ArUco 

coordinate {M} can be calculated. Consequently, the position 

and orientation of the robot's end-effector relative to the 

camera coordinate can be determined. 

Before implementing image-based visual servoing 

procedure, the image Jacobian needs to be calculated. The 

image Jacobian is used to relate the spatial velocity of the 

marker to the time variation of the image features in the pixel 

plane. The spatial velocity of the marker can be expressed as 

( , )C C C

M M Mv w=v  

where ,C C
M Mv w  denote the linear and angular velocities of 

the marker, respectively, and Fs  represents the time variation 

of the image features in the pixel plane. 

Considering the eye-to-hand configuration, the relationship 

between Fs , and the object velocity 
C

Mv  can be connected by 

an interaction matrix M F−L , which is given by 

C
F M F M−=s L v                              (9) 

where the M F−L  can be descripted in terms of the spatial 

position of the marker in the camera frame, ( , , )X Y Z=X , 

and the position in the image plane, ( , )x y=x , projected 

from the spatial position. It then can be expressed as 
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To determine the projected position, the camera intrinsic 

parameters are used to map the spatial position of the marker 

onto the image plane 
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where ( , )u v  denotes the real-time position of the image 

points expressed in the pixel coordinates, 0 0u , v , f , fx y  

represent the camera intrinsic parameters. 

By substituting 
C

Mv  into (8), the relationship between the 

spatial velocity of the marker and actuated joints is 

established. The formulation can then be rewritten as 

C C C M E B
M E M E B E= = Tv J q T T J q                   (13) 

where , ,C M E
M E BTT T  are the transformation matrix from 

marker frame to camera frame, end-effector to marker frame 

and end-effector to base frame, respectively. 

C C M E B
F M F M M F M E B E− −= = Ts L v L T T J q            (14) 

Then time variation of the pixel feature can be replaced by 

pixel error, and to calculate the actuating length based on the 

image error, it can be denoted by 

 

Figure 2. Schematic diagram for the control task flow. A two-stage 
image-based visual servoing strategy guides the tag to the target, 

achieving closed-loop hybrid macro-micro motion through the 

developed kinematics and visual feedback. 
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( )C M E B
image M F M E B E + +

−= = Tq J e L T T J e           (15) 

where image
+

J represents the pseudo-inverse of the image 

Jacobian and  is a scale factor.  

C. Calibration 

In the eye-to-hand configuration, the camera is fixed above 

the robot to observe the end-effector. The vision system can 

directly provide measurements of the marker pose relative to 

the camera
C

MT , where denotes the homogeneous 

transformation matrix of end-effector frame in the camera 

frame. And the transformation matrix
E

BT from robot base to 

end-effector can be calculated from robot’s forward 

kinematics. So, we know that the only one unknown but 

constant transformation is the transformation between the 

end-effector and the marker, which is
M

ET . 

The marker pose and end-effector pose can be obtained 

from camera and forward kinematics, based on the constant 

equation 

C C B E
M B E M= TT T T                             (16) 

we can know that the marker pose ,
C

M iT , ,
C

M jT and 

end-effector pose ,
B

E iT , ,
B

E jT can be obtained from camera 

and forward kinematics respectively, at any position and j in 

distinct frames. And the two equations can be rewritten as 

, ,
C C B E

M i B E i M= TT T T                             (17) 

, ,
C C B E

M j B E j M= TT T T                          (18) 

we then take the inverse on both sides of equation (17) and 

substitute the result into equation (18), we can eliminate the 

unknown parameter 
C

BT , obtain 

1 1
, , , ,( ) ( )E C C B B E

M M i M j E i E j M
− − = TT T T T T            (19) 

Then a linear least-squares solution is used to solve the 

classic hand-eye calibration problem to figure out the 

transformation matrix 
E

MT . 

For the micro light-driven parallel robot, the actuation is 

controlled indirectly through the input laser power pu , which 

induces light induced contraction via light-responsive 

mechanism. However, the kinematics control model requires 

the corresponding tendon length q . Therefore, it is necessary 

to calibrate the functional mapping between the input laser 

power and the effective tendon contractions. A linear affine 

model of the form is developed as 

 = p +A bq u                             (20) 

where 1 2 3[ , , ]p p p pu u u=u ; 1 3 3 = [ , , ]q q qq ; 
3 3R A  

and 
3Rb are unknow calibration parameters.  

Thus, the Jacobian from the actuation space to the input 

power space can be derived as follows 

 

Figure 3. The closed-loop control diagram of the proposed image-based miniature continuum robot feedback control. The image Jacobian can be 

calculated with pose information and forward kinematics, and the image error will be eliminated through the feedback control. 

 

 
Figure 4. Setup of decouple light- and tendon- driven miniature 
fiber-shape continuum robots for macro-micro motion. An ArUco 
marker with an accuracy of 1 μm is attached on the end-effector of the 
fiberbot. A high-resolution camera is utilized to capture the image of the 
robot to facilitate image-based visual servoing control. 
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p= Aq u                                     (21) 

To calibrate the matrix, then the effective tendon is 

substitute into forward kinematics to obtain the 

transformation matrix 
B

ET , and the predicted ,
C

M predictT is 

obtained 

,
C C B E

M predict B E M= TT T T                         (22) 

these parameters are optimized with the following objective 

function 

2

, ,min ( )C C
M predict M observe− T T                 (23) 

After data acquisition and optimization, the mapping 

matrix from laser power input to light-induced contraction 

can be obtained. 

D. Control Strategy for Cross-Scale Motion 

As shown in the Figure 2, the schematic diagram depicts 

the control task flow of cross-scale motion control of the 

miniature continuum robot. The camera first gets the desired 

image position *P , and then selects an appropriate approach 

control strategy based on the initial image pixel 

error e between the target point and the current point P . If the 

image error is greater than threshold th , macro actuation is 

executed; if the error is less than threshold th , micro 

actuation is triggered. Due to the independent macro and 

micro control, this strategy is implemented only at the initial 

stage of each movement.  

The control logic of macro robot and micro robot is 

similar; herein, micro robot control flow is selected for later 

analysis. By incorporating the camera intrinsic parameters 

and robot’s forward kinematics, the pose of the ArUco tag 

relative to the camera is derived from the image, followed by 

the computation of the image Jacobian matrix. Following the 

pseudo-inverse solution, the desired robot joint parameters 

are obtained. These joint parameters are then mapped to the 

laser power input values by Eq. (21) and rounded to integers, 

yielding the actual laser power input parameters. 

Subsequently, the actual robot joint parameters are updated 

simultaneously, thereby completing a single-step motion 

iteration. The control block diagram and control task 

workflow are shown in Figure 2 and 3. 

IV. EXPERIMENTS AND RESULTS 

This section describes the setup of the experimental 

platform, camera intrinsic parameter calibration, and 

 

Figure 5. Demonstration of closed-loop control of cross-scale motion of the miniature continuum robot based on image-based visual servoing. The 

cross-scale miniature continuum robot was actuated to the first target point set in the middle point of the point cluster in the upper right corner through macro 

actuator. Then, the miniature continuum robot was guided to traverse the remaining four points within the point cluster located in the upper-right corner. And 

then, following this procedure, the miniature continuum robot completed the traversal of the remaining three point clusters. 
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closed-loop control results with eye-to-hand image-based 
visual servoing. Then, we analysis the results and present the 

captures and video of closed-control performance. 

A. Experimental Platform 

The experimental platform is shown in Figure 4. All 

positioning blocks in macro robot were fabricated by micro 

3D printed technology (microArch S240, BMF Material 

Technology Inc., Shenzhen, China), assembled into the central 

backbone of the main body, and fixed using adhesive (Loctite 

4013, Henkel, CT). And the bending segment was connected 

with a three-lumen thermally drawn polycarbonate. A total 

length of the macro continuum robot is 14 mm. Three linear 

motors (LASF16-024D, Inspire Robots. China) were used to 

actuate optical fiber tendons (Wuhan FiberHome International 

Technologies Co., Ltd. China). The light-driven fiber was 

fabricated follow the procedure in previous work [32]. Three 

laser power sources (Changchun New Industries 

Optoelectronics Technology Co., Ltd.; Lasever Inc. China) 

were used for micro robot joints actuation. A camera 

(HXY-317-35B) was mounted above the miniature continuum 

robot stationary to observe the ArUco tag. A 13×12 

checkerboard (0.15×0.15 mm) was used to calibrate the 

intrinsic parameters of the camera based on classical Zhang's 

camera calibration algorithm. The resolution for calibration 

and image servoing process is 1920×1080. But the image 

shown in the computer was resized to show full frame. The 

transformation matrix from the camera to the tag could be 

calculated through opencv’s code repository. All those for the 

macro and micro modules are performed by the corresponding 

ROS node. 

B. Cross-Scale Motion Validation Based on Image-Based 

Visual Servoing 

To validate the closed-loop control capability of our 

cross-scale control system, first we calibrate the two matrixes 

mentioned above. We initially actuated the macro robot to 

collect data along various directions, and subsequently 

calibrate transformation matrix
m

eT  using a hand-eye 

calibration method. Subsequently, we actuated the micro robot 

under different laser power inputs and got the mapping 

matrix A from power to joint contraction by integrating 

kinematic models into the established calibration 

methodology.  

As shown in Figure 5, it demonstrates closed-loop control 

of cross-scale motion of the miniature continuum robot based 

on image-based visual servoing. Four point clusters marked in 

red can be found in the figure. Four main image points were 

set for macro motion, at the same time, another four target 

satellite image points were set around each of the main point 

for micro motion. Follow the strategy described in Section III., 

we first selected an appropriate approach based on the initial 

image pixel distance between the target point and the current 

point. And then we carry out the following motion control. 

The cross-scale motion was actuated to the first main point set 

in the middle point of the point cluster through macro actuator. 

After that, the miniature continuum robot was guided to 

traverse the remaining four satellite points within the point 

cluster. And then, repeating this procedure, the miniature 

continuum robot completed the traversal of the remaining 

three-point clusters. Pixel error results in Figure 6. indicate 

that the robot can be controlled to rapidly converge to the 

target positions, thereby achieving precisely closed-loop 

control. 

V. CONCLUSION AND FUTURE WORK 

This work demonstrates the actuation of a miniature 

continuum robot toward target coordinates via an 

image-based visual servoing framework. The control strategy 

adaptively selects the optimal motion trajectory based on the 

pixel distance in the image plane, thereby ensuring efficient 

navigation to the destination. This superior low cross-talk 

performance is attributed not only to the dual-stage 

closed-loop precision but also to the negligible intrinsic 

decoupled actuating mechanism. Such a decoupled control 

architecture ensures that micro-scale refinements and 

macro-scale movements can coexist without mutual 

interference, significantly enhancing the system's operational 

reliability. 

While this study demonstrates independent cross-scale 

closed-loop motion, coordinated macro-micro manipulation 

coupled with robust control architectures could be 

implemented to facilitate the rapid tracking of complex 

trajectories [43]. As the current work represents a preliminary 

proof-of-concept, the reliance on an overhead camera and 

external fiducial markers may limit its immediate clinical 

translation. To facilitate real-world clinical deployment (e.g., 

within the ear canal), future iterations could integrate 

side-mounted, customized markers and front-view cameras 

into a unified, biocompatible interventional instrument. 

 

Figure 6. Results of the image distance between target points and initial 
image point. The data indicates that the system can converge to the target 
position in both micro (a) and macro (b) control. 
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Furthermore, data-driven strategies, such as model-free deep 

reinforcement learning, could be leveraged to address 

inherent challenges in classical visual servoing, particularly 

within highly constrained and unstructured environments [44]. 

We expect that this integrated, safety-aware framework will 

bridge the gap between laboratory prototypes and practical 

surgical tools, holding significant promise for advancing 

autonomous precision surgery in future clinical applications. 
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