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One Sentence Summary:  

Electrostatic adhesion enables a robotic insect to efficiently perch on and takeoff from natural 

and artificial structures. 

 

Abstract:  

For aerial robots, maintaining a high vantage point for an extended time is crucial in many 

applications. However, available on-board power and mechanical fatigue constrain their flight 

time, especially for smaller, battery-powered aircraft. Perching on elevated structures is a 

biologically inspired approach to overcome these limitations. Previous perching robots have 

required specific material properties for the landing sites, such as surface asperities for spines, or 

ferromagnetism. We describe a switchable electroadhesive that enables controlled perching and 

detachment on nearly any material while requiring approximately three orders of magnitude less 

power than required to sustain flight. These electroadhesives are designed, characterized and 

used to demonstrate a flying robotic insect able to robustly perch on a wide range of materials 

including glass, wood, and a natural leaf.   
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Main Text:  

Micro Aerial Vehicles (MAVs) with the capability to stay aloft for a prolonged time would be 

invaluable in many applications: providing a birds-eye view of a disaster area, detecting 

hazardous chemical or biological agents, or enabling secure signal transmission in ad-hoc 

communication networks. However, the flight time of aerial robots is restricted by the weight of 

their on-board power supplies and the lifetime of their mechanical components. Moreover, the 

endurance of current aerial robots decreases substantially as vehicle scale diminishes (1). 

Perching – defined in this case to mean alighting onto a surface or object and remaining attached 

– on commonly available overhangs, such as trees, buildings or powerlines would allow MAVs 

to continue their mission while conserving energy, thus expanding their mission time. Hanging 

underneath these structures would provide a clear path to the ground for vision or signal 

transmission and protection from extreme weather conditions.  

While birds, bats, and insects are capable of perching on compliant and wind-buffeted surfaces 

such as tree branches, leaves, and flowers (2-4), it has proven challenging to reproduce this aerial 

prowess to dynamically land MAVs on and relaunch from a broad range of natural and artificial 

targets. Demonstrations to date predominantly focus on bird-sized vehicles. Proposed approaches 

include a passive biomimetic gripper (5); directional dry adhesives in a spring-lever system (6); 

magnets with servo-actuated release (7); an articulated non-directional dry adhesive that is 

repositioned when perching is desired (8); and microspines (9) or needles (10) driven into a soft 

target by a pre-loaded snapping mechanism. Perching and relaunch with a high success rate was 

achieved on rough walls with microspines that engage in surface asperities, which can be 

released through resistively heating a shape memory alloy actuator (11). Additionally, advanced 

control strategies were developed for fixed-wing MAVs to land on specific targets via a high 

angle-of-attack stalling maneuver (12) or transitioning into hovering flight (13).  

Insect-like aerial robots may exceed the agility of larger systems at lower costs, but their 

deployment comes with a number of additional challenges. For example, perching with 

articulated and actuated mechanisms becomes impractical at insect scales due to challenges in 

manufacturing and the destabilizing effect of asymmetrically moving parts on vehicle dynamics. 

Chemical adhesives may not require complex mechanisms for attachment, but are either 

irreversible, require pressure for engagement, or cause destabilizing torques during detachment 

(8, 14). An alternative is the use of electrostatic adhesives, which have been used in 

mechanically-simple low-power attachment mechanisms across a broad range of substrates (15, 

16) and were successfully implemented in decimeter-scale climbing robots for vertical walls (17-

20). While recent advances have combined this form of adhesion with gecko-inspired dry 

adhesives for improved performance over a variety of substrates (21), electroadhesives are not 

typically as strong as, for example, pressure sensitive or thermoplastic adhesives (22). However, 

since a robot’s surface area to volume ratio increases with decreasing size, electroadhesion 

becomes increasingly promising for smaller devices and its electrical and mechanical simplicity 

make it particularly attractive for insect-sized vehicles.  

We leverage these prior insights regarding electrostatic adhesion and propose a controllable 

attachment principle for small-scale MAV perching. Our method enables repeatable transitions 

from flight to perching, as well as transitions from attachment to stable hovering flight on 

overhanging surfaces consisting of wood, glass and a natural leaf (illustrated in Fig. 1(A)) with a 

tethered insect-scale flapping wing robot (23) (Fig. 1(B)). The method relies on the electrostatic 

force between interdigitated circular electrodes (Fig. 1(C); voltage difference 1000V) and the 



opposing surface charges they induce on the target substrate. The electrodes are integrated with 

the robot through a foam mount, which provides damping and passive alignment to ensure 

reliable attachment for a broad range of landing trajectories. We further demonstrate torque-free 

detachment from unfinished wood through de-energizing the patch, followed by stable hovering 

flights (illustrated in Fig. 1(A)). The electroadhesive patch and the compliant mount provide a 

lightweight (13.4mg, less than 15% of the total body mass) and physically simple mechanism for 

effective perching.  

Fig. 1. Robot design and principle of operation. (A) Before initiating a perching maneuver, the robot attains stable 

hovering underneath the target surface. A compliant mount assures successful alignment between the adhesive patch 

and the target surface. Upon contact, the electrodes in the patch induce surface charges on the substrate, leading to 

an electrostatic attraction between the surface and the patch. These surface charges recombine when the voltage 

between the electrodes is switched off, allowing for a smooth detachment. (B) Depiction of the flapping wing MAV 

capable of landing on and relaunching from the underside of nearly any material. (C) The adhesion mechanism 

relies on compliant circular copper electrodes on a polyimide film that are embedded in Parylene C to generate 

electrostatic adhesion. This is supported by a carbon fiber cross and integrated with the robot through a polyurethane 

foam mount. The final version of the mechanism weighs 13.4mg (robot without payload: 84mg). (D, E) The 

polyurethane foam mount provides damping and passive alignment to facilitate perching over a wide envelope of 

trajectories and allows us to integrate features to assist with characterizing the flight performance prior to perching 

experiments (see Fig. S11). 

Electrostatic adhesives were fabricated by embedding ~200nm thick interdigitated copper 

electrodes (Fig. S1) between thin polymer layers to produce compliant adhesive patches with a 

high adhesion pressure per weight (see Fig. S2 and (24) for fabrication details). When placed on 

a target substrate with a voltage across the electrodes, the patch induces areas of net charge on 

the surface of the substrate. These charges mirror the charges accumulated in the electroadhesive 

patch, leading to an attractive force between the patch and the substrate. This force increases 

with decreasing thicknesses of the insulating layer and the air gap at the interface (and thus is 

inversely related to the surface roughness), increases with increasing applied voltage (19, 25), 

and is affected by humidity (see (24) section 2.4.2 for a detailed discussion), material properties, 

leakage currents and non-uniform charge distribution on the interface (19, 25). The strong 



dependence on environmental parameters for this type of adhesive makes it challenging to 

accurately predict the attractive forces analytically or numerically (24).  

We therefore pursued an experimental approach to characterize the normal adhesion pressures 

and guide the final design of our electrode patch (exact geometries provided in Fig. S3; 

experimental details provided (24) section 2.4. and Fig. S4). Electroadhesive patches with comb-

like interdigitated electrodes (Fig. S3) were created and tested on glass, steel (with varying 

surface texture), copper, unfinished plywood, and red brick. To appropriately mimic multiple 

attach/detach cycles as expected under normal use, the test patch was not cleaned between 

measurements. It therefore attracted both debris from the substrates and air-borne particles over 

time. Tests on glass were performed at the start and end of the substrate test series in order to 

illustrate the effect of accumulated debris on the adhesion performance.  

When activated at 1000V, the test patch provided a normal adhesion pressure of at least 15.6Pa 

on all the investigated substrates at 59-70% relative humidity. The repeated measurements on 

glass showed that the achievable adhesion pressure drops by less than 30% after 35 

attachment/release iterations across different materials and six hours of exposure to airborne 

debris without cleaning (Fig. 2(A)). The normal pressure shows a high variance, which can be 

explained by its dependence on environmental parameters such as the alignment of the patch 

with the target surface, the presence of debris or surface irregularities, and relative humidity (see 

(24) section 2.4., Figs. S5 and S6 for an analysis of surface roughness and Fig. S7 for a 

discussion on humidity).  

These experiments show that sufficient adhesion can be achieved with 1000V and this voltage 

was chosen for the final demonstrations. While a higher voltage could provide greater adhesion, 

practical issues, such as the breakdown strength of the power wires used in flight experiments or 

the feasibility of onboard high voltage electronics on a future prototype, favor choosing lower 

voltages (24). At a minimal adhesion pressure of 15.6Pa, a patch area of 0.63cm2 would be 

required to carry the weight of the microrobot (total weight ~100mg, robot 84mg, patch and glue 

~16mg). The size of the final patch was chosen to be 1.7cm2 to accommodate for the uncertainty 

in actual adhesion pressure caused by relative humidity, naturally rough or dirty surfaces, and 

degradation that will occur upon repeated attach and detach cycles. This patch was fabricated in 

the same manner as the larger test patch but relies on circular interdigitated electrodes to promote 

symmetric normal and shear forces, thus reducing the risk of destabilizing torques from residual 

charges during takeoff maneuvers (i.e., from a perched state). Simulated adhesion pressures are 

comparable for the two geometries (see (24) section 2.2 and Table S1). We determined the 

charging and leakage current of the circular patch at 1000V on glass, wood and copper, finding 

that the power it requires to maintain the robot attached (<7µW) is at least three orders of 

magnitude lower than the flight power of 19mW required by our vehicle (Fig. 2(B,C), see also 

(24) and Fig. S8).  

Our control strategy for perching is inspired by the finding that honeybees hold the apparent rate 

of image expansion constant during a perching maneuver, which translates to an approach speed 

that is linear in the distance to the target (26). To realize a linearly decreasing approach speed, 

we implemented a controller that sets the reference height such that the distance to the target 

decays exponentially. In order to enable high reliability in the attachment maneuvers, the landing 

sequence is initiated only after the robot achieves a pre-defined stability metric (position and 

orientation errors and linear and angular velocities below specified thresholds) while hovering at 

a desired position underneath the perching target. The controller architecture relies on a logic 



module that detects relevant events such as stable hovering or a successful attachment. This 

module adjusts the reference position to initiate the perching and detachment maneuvers and 

ramps down the flapping amplitude once the landing is completed. The reference position is then 

fed into two adaptive controller blocks controlling altitude, attitude and latitude respectively 

(23). The system relies on position and orientation feedback from a motion-tracking arena to 

close the control loop (Fig. S9). The functionality of the logic module is illustrated with data 

from an exemplary landing maneuver in Fig. 2(D). 

 

Fig. 2. Characteristics of the electroadhesives and control approach. (A) Normal adhesion of the presented 

conformal electrodes on various materials at 1000V. All measurements were conducted with the same test patch 

(comb-like interdigitated electrodes, scaled up from the final flightworthy size) without cleaning between tests. 

Error bars indicate one standard deviation from five consecutive measurements. For each substrate, the arithmetic 

mean of the absolute values of the surface asperities is stated in parentheses. The dashed red line indicates the 

pressure required to support the vehicle weight (including the adhesion mechanism), assuming a patch size as used 

in our demonstrations. (B) Charging current for the circular patch on glass at 1000V (switched on at t = 0s). 

Charging requires 37.7µJ on glass, 37.4µJ on wood and 46.6µJ on copper. (C) Current in the charging phase and 

during steady state on glass (1000V). A leakage current of 6.9nA occurs on glass (1.4nA on wood, 1.0nA on 

copper). The mechanism requires 6.9µW to remain perched on glass (1.4µW on wood, 1.0µW on copper). This is 

significantly lower than the flight power of 19mW (23). (D) Commanded and measured altitude during an 

exemplary perching flight. The logic module initiates a bio-inspired landing trajectory once the robot has achieved 

stable hovering in the target region underneath the substrate. The flapping amplitude is ramped down (corresponing 

to a decrease in commanded altitude) once the logic module detects a successful attachment. 



The fast dynamics of the under-actuated microrobot, its inherent instability, and its susceptibility 

to disturbances (e.g., wind gusts), particularly in close proximity to the attachment point, render 

the precise tracking of a reference trajectory challenging. For example, we found that the lift of 

our flapping-wing vehicle increases by more than 40% in close proximity to ceilings (Fig. S10). 

To address this, a tube-shaped, laser-cut polyurethane foam damper (chosen for its low density 

and low coefficient of restitution) was used to mount the patch onto the robot. This passive 

mechanism reduces the chance of rebound during high velocity collisions and provides passive 

alignment between the patch and the perching target. This promotes successful attachments over 

a broad envelope of landing trajectories. 

This combination of lightweight conformal electrodes with a flexible, energy-absorbing mount 

enabled reliable perching on a wide range of natural and artificial overhangs. We demonstrated 

this capability by executing subsequent transitions from free flight to stable attachment on a leaf 

(two perching attempts), glass (one perching attempt), and unfinished plywood (three perching 

attempts), as well as two takeoffs into hovering flight from wood (Fig. 3, Movie S1). One of the 

perching attempts on the leaf failed, because the leaf occluded the robot from the motion capture 

system, causing an emergency shut-off of the actuation before alignment with the target was 

achieved (see (24) section 2.5). The other five attempts were successful.  

Given the limited payload capacities and the energetically-expensive nature of flight at small 

scales, perching presents an opportunity to increase mission durations, and hence utility, of 

MAVs. Deploying insect-like MAVs presents significant challenges in manufacturing, actuation, 

sensing, power and control. However, a decrease in scale does not only come with challenges, 

but also offers new capabilities. Motivated by the increased dominance of area-dependent forces 

at reduced sizes, we have demonstrated that electrostatic adhesives are an attractive option to 

achieve robust and dynamic perching behavior in an insect-like robot. The techniques for 

developing and integrating compliant electroadhesives may also find utility in other small-scale 

robotics tasks such as delicate micromanipulation and adhesion for inclined and inverted 

terrestrial locomotion. 

  



 
Fig. 3. Perching and relaunch demonstrations on a leaf, glass, and unfinished plywood. (A) Frame overlay from 

a high-speed video taken of a successful landing maneuver on a natural leaf. (B – D) The micro aerial vehicle after 

successfully landing on a leaf, glass and unfinished plywood (wings turned off). (E) Frame overlay from a high-

speed video taken of a successful relaunch from unfinished wood, followed by stable hovering flight (10.5s) and a 

smooth landing on the ground (12.28s). 
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