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Article 

An Insect-Scale Four-Winged Robot Designed by 
Flexure Hinge 

Jiaxin Zhao 1,*, Weiping Zhang 1, Chaofeng Wu 1 and Guangping Wu 1 

1 Shanghai Jiao Tong University 

* Correspondence: jiaxin zhao@sjtu.edu.cn 

Abstract: This paper proposes a novel biologically inspired design for an insect-scale flapping robot. 

The proposed scheme employs two motors to drive four wings, mimicking the flapping motion of 

natural four-winged insects. The robot incorporates two pairs of flapping wings to generate lift 

force, with a transmission mechanism featuring flexure hinges instead of pivot joints, resulting in 

reduced weight and volume. The flexure hinges also exhibit nonlinear stiffness to facilitate smooth 

wing motion. The robot is designed to be symmetrical in structure, with the wings of each section 

generating greater lift through the clap-and-fling mechanism. The final product weighs 6.2g, 

possesses a wingspan of 17cm, a one-sided flapping wing angle of 103 degrees, and generates lift 

that exceeds its weight, attesting to its successful design. 

Keywords: FWMAV; four-winged; flexure hinge; robot 

 

1. Introduction 

In recent years, flapping wing organisms, such as insects and birds, have become the focal point 

of Bionics due to their unique flight mode, maneuverability, and small scale. Through the use of 

unsteady aerodynamic mechanisms, insects are able to carry several times their weight during flight 

[1,2]. However, the manufacturing of a real insect remains a significant challenge due to limitations 

in size and mass. Currently, Flapping Wing Micro-Air Vehicles (FWMAVs) below a few milligrams 

can only take off against gravity, carry micro sensors, or fly with the assistance of special power 

supplies [3], but the duration is very short [4]; Although FWMAVs below dozens of grams have 

achieved stable and continuous flight, control strategy, and airborne power supply [5,6]. Their added 

functions significantly exceed those of real insects in terms of mass and dimension. Researchers are 

continually exploring new driving and design methods for small micro-air vehicles, such as the use 

of soft artificial muscles [7]; direct-driven actuation [8], and multi-wing schemes [9,10]. For larger 

flapping robots, researchers are exploring functions such as imitating insect escape and wing folding 

behavior [5]. [11] The goal is to create insect-like aerial vehicles that are lighter, smaller, and more 

functional. Several prototypes have been proposed for FWMAVs weighing between 1-10g, in [12] a 

3.02g FWMAV was designed with a motor as the driving source and a tail for steering; In [13], a 3.22g 

aerial vehicle with a tail mechanism was proposed, it is a successful attempt in structural design 

which capable of both flight(flapping and gliding); In [14], a wireless radiofrequency-powered aerial 

vehicle weighing 1.8g and using a piezoelectric drive mode was developed. However, the power 

supply mode limited the vehicle's ability to achieve further flight. In this paper, we propose a new 

design method for micro-air vehicles weighing less than ten grams. The robot is driven by two DC 

motors, with each motor driving a pair of wings. The use of flexure hinges in the transmission design 

reduces the overall weight of the robot to less than 10g while also decreasing its volume and mass. 

This design achieves a more compact size without sacrificing function or performance. 

Most insects have two pairs of wings, Diptera (mosquitoes, flies) have only one pair of wings, 

and the other pair of wings degenerates into a balance bar. We believe that the design of four wings 

can improve the performance of air robot. We first proposed a new four-wing air vehicle scheme, as 
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shown in Figure 1. The following work will discuss the design, manufacturing process, and testing 

of the robot. Finally, we also discussed the significance and limitations of this work. 

 

Figure 1. We present a 6.2g insect-scale four-winged robot design, the wingspan is 17cm. (a) front 

view, (b) top view. 

2. Design of the robot 

In recent years, there have been successful demonstrations of flapping wing micro-air vehicles 

that mimic the flight of insects or small birds, with wingspans ranging from 3 cm [15,16] to 33 cm [5] 

[17] and weights ranging from 60 mg to 28.2 g. These vehicles are capable of autonomous flight with 

onboard sensors as their weight increases. 

In this study, we present a design and manufacturing scheme for a tailless flapping wing micro-

air vehicle that weighs approximately 6g and has a wingspan of less than 17cm.The robot features 

two motors, each of which drives a pair of wings through flexure hinges, enabling the clap-and-fling 

phenomenon. Due to the small size of the robot, the design must be simple to achieve a successful 

prototype. We opted for a reduction motor that does not require a reduction mechanism. The rotary 

motion is converted into linear motion by a crank-slider mechanism, and the output linear motion is 

then transformed into flapping wing motion by a slider rocker mechanism. Three hinges which form 

a four-bar linkage are required to convert linear motion into reciprocating motion, and we utilized 

Smart Composite Microstructures (SCM) [18] to achieve three flexure hinges that ensure consistency 

in movement. The robot consists of several components, including a motor, airframe and 

transmission, wings, and other connecting parts. Table 1 shows the mass distribution of these 

components. The two motors account for 81% of the total weight of the robot. We assembled the 

reduction motor by connecting a coreless motor and a planetary reducer with a carbon fiber-

reinforced pipe that has an inner diameter of 6 mm. The coreless motor weighs approximately 1.6 g, 

the carbon fiber-reinforced pipe weighs about 0.6 g, and the planetary reducer weighs approximately 

0.3 g. Glue is used as a seal at both ends of the carbon fiber-reinforced pipe. The wings are fixed to 

the transmission with cyanoacrylic glue. Overall, our design and manufacturing scheme for the 

tailless flapping wing micro-air vehicle utilizes a simple and effective approach that enables the 

vehicle in an insect scale. 
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Table 1. Flapping Robot Mass Distribution. 

Component Number Weight 

Motor 2 5.02g 

Body 1 504.4mg 

Transmission 2 293.6mg 

Wings 4 138.4mg 

Other connecting parts (pin, 

glue, etc.) 
/ 243mg 

Total / 6.2g 

2.1. Body and Transmission 

The body is used to install the motor and transmission, which was made of 0.8mm thick carbon-

fiber-reinforced polymer (CFRP), the parts of the body are shown in Figure 2. The transmission 

adopts an integrated design, including two layers of CFRP, two layers of acrylic adhesive (FR1500 

Pyralux), and one layer of Polyimide film (PI), and is manufactured by ultraviolet laser. The body 

and transmission are arranged symmetrically, and the transmission mechanism of the slider rocker 

is made of 150 microns CFRP and 48microns PI, the movement principle of the transmission 

mechanism is shown in Figure 3. The movement stroke of the slider is 4mm. When the slider moves 

to the left, the two wings move to the parallel position; when the slider moves to the right, the two 

wings open. 

Regarding the design and processing of the transmission, the CFRP is initially processed into 

the desired contour using ultraviolet laser technology. Similarly, the PI film is processed in the same 

way. Next, the processed PI film is laminated according to the following sequence: carbon fiber, PI 

film, and CFRP, adhering to the pin. Under a pressure of 100kPa and a temperature of 200°C, these 

three layers of material are cured for two hours, resulting in a firm composite structure. After 

secondary processing, the cured composite material is released, and the plane structure is manually 

folded into a space structure, the machining process of the transmission is shown in Figure 8. 

    

Figure 2. The parts of the body, with the three-dimensional diagram on the left indicating the relative 

position relationship of the parts in the body (with colored). and the physical object of the body parts 

on the right with a thickness of 0.5mm, processed using an ultraviolet laser.  
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Figure 3. Crank-slider/slider-crank transmission. 

2.2. Wings 

The wings do not use passive twisting for movement, but it does not mean that they do not have 

passive twisting. Because of inertia, the wings undergo slight passive twisting through deformation 

during high-frequency motion. The wing consists of two layers of 150 um Carbon fiber prepreg and 

12.5 um thick Polyester film. As carbon fiber is an anisotropic material, we ensure that the direction 

of the wing vein is consistent with that of the carbon fiber. The fixed carbon fiber and PI film are 

cured at 120 ℃, 100kPa pressure for two hours. The leading edge of the wings is laminated with two 

layers of carbon fiber prepreg to ensure the stiffness of the leading edge. At the same time, the 

outermost layer uses half the length of the leading edge to ensure the strength of the wings and reduce 

their inertia. 

 

Figure 4. The upper half represents the thickness of each layer of material at the leading edge of the 

wing, while the lower half represents the actual wing. The wings' branches are made of two layers of 

150-micron carbon fiber prepreg. 

The final weight of the wing was 34.6mg, with a leading edge length of 55mm and an area of 

1121 mm2. The aspect ratio of a single wing was 2.7. 
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3. Kinematic analysis 

To simplify the analysis, we focus on the right half of the symmetrical robot design. The lower 

right section, which is also symmetrical in the up-and-down direction, is selected for analysis. 

However, the 48-microns thickness of the PI film in the middle of the three flexure hinges cannot be 

ignored, as it affects the output characteristics of the entire system. The physical meaning of the three-

dimensional structure and symbol representation of flexure hinge is shown in Figure 5. we use K1, 

K2, and K3 to represent their stiffness, as shown in Figure 6. 

 

Figure 5. The physical meaning of the three-dimensional structure and symbol representation of 

flexure hinges. 

 

Figure 6. Schematic diagram of transmission mechanism. 

The stiffness of the flexure hinges iK  (i=1, 2, 3) can be determined by analyzing the material 

mechanics. When external torque is applied, the free end of the flexure hinge produces a rotation 

angle, which is calculated using the following equation 

3

12

i h h h
i

i h

M E w t
K

lθ
= =  (2)

Where hl , hw and are the geometric dimensions of the flexure hinge, hE  is Young's modulus 

of the PI. 

The physical parameters, symbols, and values of the flexure hinge are shown in Table 2. 
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Table 2. The physical parameters, symbols, and values of the flexure hinge. 

Physical parameters Symbol Value 

The initial angle of the slider 0θ  1.15（66°） 

Initial displacement 0y  4.9mm 

Rocker1 1L  3mm 

Rocker2 2L  4.5mm 

Stiffness of the flexure hinge O1 1K  

0.6646mN·m/rad Stiffness of the flexure hinge O2 2K  

Stiffness of the flexure hinge O3 3K  

When the robot is stationary, the distance between hinge O1 and O3 is y0, the distance between 

hinge O1 and O2 is L1, and the distance between hinge O2 and O3 is L2. When the slider moves distance 

x, the distance between hinge O1 and O3 will become y1, and the equation of y1 is as follows: 

2 2

1 0 0 02cosy y x y xθ= + −  (3)

Figure 4 illustrates the meaning and representation of the variables 1α , 2α and 3α , which 

satisfy the following equation:  

1

2 2 2 2 2 2

1 0 1 1 2
1

1 1 1

2 2 2

1 2 1
2

1 2

2 2 2 2 2 2
0 1 2 1

3

0 1 1 2

arccos arccos
2 2

1.78 arccos
2

arccos arccos 0.64
2 2

y x y L y L

y x L y

L L y

L L

y y x y L L

y y y L

α π

α π

α

    + − + − = − −   
    


 + −
= − −  

 
  + −  + − = + −       

 (4)

By solving Equation 4, we can determine that the rotation angle of each flexure hinge is solely 

dependent on the displacement of the slider. Additionally, we can derive the force of the flexure 

hinge when the slider is at a given position, as shown in the following equation: 

1 1 2 2 1 1 1

2 2 3 3 2 3 2 3

sin cos 0

cos( 0.42) sin( 0.42) 0

K K FL JL

K K FL JL

α α α α

α α α α

+ − + =


+ − + − + =
 (5)

The equation of wing flapping angle is as follows: 

1 2θ α α= +  (6)

Finally, the equation for the load acting on the slider is given by: 

[ ]
2 2 3 3 1 1 2 3 2 2 3 3

1 2 2 3 1 3

( ) cos sin( 0.42)( )

cos cos( 0.42) tan sin( 0.42)

K K L L K K
F

L L

α α α α α α

α α α α

+ + + +
=

+ + +
 (7)
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Figure 7. The graph on the left represents wing angular position as a function of slider displacement 

of the transmission, the dashed circle represents the flapping angle of the wings when the slider 

reaches its limit position. The graph on the right represents static force as a function of slider 

displacement. 

As depicted in the figure, the maximum flapping angle of a single wing is 48 degrees, while the 

maximum static load for a slider driving a single wing is 351mN. Notably, since the slider is linked 

to a pair of wings on one side of the robot, the maximum static load on a single side is 702mN. The 

static load shows an increasing and decreasing trend with the slider's depression due to the kinematic 

characteristics of the linkage. 

4. Assembly and test 

The motor is the heaviest component of the robot and its position determines the center of 

gravity of the entire machine. To achieve a symmetrical design, the motor is installed at the center of 

gravity of the entire machine, coinciding with the pressure center. The connection between the wings 

and transmission is secured with glue. Figure 5 illustrates the assembly of the robot, where the 

transmission mechanism comprises five layers of materials processed by laser into a rectangular 

shape, manually folded into a transmission mechanism, and finally installed and fixed through the 

positioning hole on the frame. 

The coreless motor outputs speeds between 2000 and 20000 rpm, which exceed the motion 

frequency of the wing, making it unsuitable for direct connection to the wing. Therefore, a set of gear 

reducers is typically required before integrating the motor into the robot design. However, a large 

gear reducer increases the weight of the robot, reducing its effective load, and makes the robot larger 

than real insects. To address these issues, a single planet gear reducer weighing only 0.3 grams, which 

can achieve a reduction ratio of 5.13, is used instead. The coreless motor and planet gear reducers are 

firmly assembled into a reduction motor using a hollow carbon fiber pipe. 

To observe wing motion, we employed a high-speed camera to capture images of the wings in 

motion. Since the structures on both the left and right sides were symmetrical, we selected one half 

of the structure for our analysis, and Figure 9 depicts the resulting image. In order to synchronize the 

motor movements on both sides, we set the initial position to be the same, we can note that the 

synchronization of the motor can be maintained under 2.8Vand its frequency was 38Hz. 

Based on our findings, the duration of the wings' upstroke was longer than that of the 

downstroke, which can be attributed to the fact that during the upstroke, the compression of the 

flexure hinge creates a moment that must be overcome. Conversely, during the downstroke, the 

compressed force in the flexure hinge is released, thereby aiding in the reversal of the wings. 
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Figure 8. Overview of the assembly process. (a) An exploded view of the layup. (b) Laminate into 

stake under predetermined pressure and temperature, release cut on the cured laminate is shown in 

white lines. (c) The released laminate. (d) Process involving folding of transmission manually, the 

wing attachment and stopper are attached on the transmission by cyanoacrylate adhesive, the stopper 

ensure that the flexure hinge folds to 90 degrees. (e) Slider with one flexible hinge that enable bend 

53° in both directions, (f)the slider is sild into flexure hinges mechanism by designated slot, (g) two 

DC motors(DC motor 618), (h) The transmission and guideway are attached to the body with the 

mating features (M1 and M2), (i) Prototype and coin, the coin which diameter is 22.25mm indicates 

the scale. 

 

Figure 9. The Motion of Wings under High-Speed Cameras (Phantom VEO-E 310L), the fps is 1000. 

The frequency, lift, and wing flapping amplitude of the robot were assessed at different voltage 

ranging from 1.0V to 3.6V and intervals of 0.1V. The experimental setup is depicted in Figure 10. 

The lift force and wing stroke angle generated by the flapping-wing as a function of the wing 

beat frequency were shown in Figure 11. The results demonstrate that the lift generated by the robot 

can surpass its own gravity when the frequency over 38 Hz (2.8 V). Additionally, the robot achieved 

a maximum flapping frequency of 47.6 Hz (3.6 V), resulting in a lift force of 8.92 g. While we observed 

a slight variation in the flapping amplitude of the robot, the average value remained consistent at 

approximately 51°. 
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Figure 10. Setup of lift force test. The force sensor adopts ATI-NANO17 and uses a DC Regulated 

Power Supply to actuate the robot. The air cushion platform is used to isolate the irregular vibration 

of the environment. 

  

Figure 11. Lift force and wing stroke angle vs. frequency. The left figure shows the relationship 

between lift and frequency, The dashed black line indicates the weight of the robot. The right figure 

shows the relationship between wing stroke angle and frequency, the dashed black line indicates the 

average value of all measured amplitudes. 

A simple pendulum method can be adopted to measure the thrust generated by the robot, a 

tethered flight test stand was shown in Figure 12, the robot is installed at the end of the pendulum 

which made of carbon fiber rod. When powered on, the thrust generated by the robot will push the 

robot to move in a circular motion around the rotation center of the pendulum. When the robot moves 

to the horizontal line, we can consider the thrust generated by the robot to be in balance with gravity. 

Of course, this only demonstrates an observable effect of thrust. when the robot beat at 45 Hz (3.4V), 

the robot was lifted above the horizon by the generated thrust. 
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Figure 12. Tethered flight test. (a) A simple pendulum stand, the length of the carbon fiber rod is 17 

centimeters. (b) Robot position in initial state. (c) Time sequences of robot when it is in a single 

pendulum motion. 

5. Discussion 

We present a novel methodology for the creation of a lightweight flapping robot, that using 

flexure hinges as the transmission. The robot attains a net uplift of 2g, and despite its current 

incapability of carrying integrated circuits and batteries, it demonstrates the prospect of enlarging 

the employment of flexure hinges to flapping robots that exceed the weight threshold of 5g. 

However, a notable obstacle arises as the flapping robot is underactuated, with only a duo of 

actuators. The purpose of both actuators is to generate lift force, it cannot achieve three degrees of 

freedom flight. Further studies will seek to increase the count of actuators, which can increase the 

payload capacity of the flapping robot and achieve untethered controllable flight. 

6. Conclusions 

Our study proposes a new design approach, which employs a flexure hinge to develop a 

flapping robot weighing under 10g. Through experimental methods, we verified the effectiveness of 

our design and successfully achieved insect-scale flight. Utilizing a high-speed camera, we captured 

the flapping motion of the robot, and further refined our prototype design based on these results. We 

observed a maximum flapping frequency of 47.6 Hz, generating a lift force of 8.92g.  

Moving forward, we aim to enhance the performance of our robot without increasing its scale, 

and integrate additional design features to enable a wider range of functions. Ultimately, we hope to 

achieve complete multi-degree of freedom flight, thereby fulfilling our mission of developing a 

versatile and efficient flying robot. 
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