
  

 
Fig. 1. A visual illustration of our bi-stable gripper design closing when 

activated with by a mechanical collision with a tube. 
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Abstract— Robotic grasping can enable mobile vehicles to 

physically interact with the environment for delivery, 

repositioning, or landing. However, the requirements for 

grippers on mobile vehicles differ substantially from those used 

for conventional manipulation. Specifically, grippers for 

dynamic mobile robots should be capable of rapid activation, 

high force density, low power consumption, and minimal 

computation. In this work, we present a biologically-inspired 

robotic gripper designed specifically for mobile platforms. This 

design exploits a bistable shell to achieve “reflexive” activation 

based on contact with the environment. The mechanism can 

close its grasp within 0.12s without any sensing or control. 

Electrical input power is not required for grasping or holding 

load. The reflexive gripper utilizes a novel pneumatic design to 

open its grasp with low power, and the gripper can carry slung 

loads up to 28 times its weight. This new mechanism, including 

the kinematics, static behavior, control structure, and 

fabrication, is described in detail. A proof of concept prototype 

is designed, built, and tested. Experimental results are used to 

characterize performance and demonstrate the potential of 

these methods. 

I. INTRODUCTION 

Designs in the field of mobile robotics are largely 
constrained by the vehicle’s limited battery life and payload 
capacity. Consequently, end effectors for these applications 
must be light, strong, and energy efficient. In addition, 
mobile systems are often difficult to precisely position due to 
their nonlinear dynamics, relatively low bandwidth, and 
limited onboard sensing. As a result, electrically driven servo 
type grippers are not always the best approach for mobile 
robotic systems.  

Lightweight, adaptive grippers have been explored as 
alternatives to traditional end-effectors. Some solutions 
achieve adaptability by using compliant materials or 
underactuated mechanisms [1]-[4]. Other solutions 
implement claw-like mechanisms that can be purely rigid or 
may combine rigid and flexural members for gripping uneven 
surfaces [5]-[7]. While such designs can be lightweight and 
adaptable, they generally require sensing and control which 
increase complexity, weight, and power consumption.   

In this study, we draw inspiration from biology and 
examine sensor-free reflexive grasping.  Biological reflexes 
are stereotyped behaviors that are not centrally regulated by 
the brain [8].  This reflexive behavior can enable rapid 
response, computationally simple control, and reduced 
sensing requirements.  The benefits of reflexive behaviors 
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have been demonstrated in biology. For example, the closing 
of the human hand can be easily coordinated and results from 
reflexive interactions between muscles in the hand instead of 
full regulation by the brain [8]. In a similar vein, we propose 
a simple approach that does not rely on regulation by a 
processing unit. Specifically, our engineered reflexive gripper 
uses no sensing or controls, and instead exploits flexible, 
bistable mechanics.  The result is a bistable mechanism with 
two stable configurations.  A small energy input from contact 
with the environment can cause the mechanism to transition 
from one configuration to another.  The reflexive closing 
behavior is illustrated in Fig. 1.  

 Reflexive grippers utilize their mechanical design to 
activate a grasp rather than relying on sensing and electronic 
feedback.  This type of “passive gripping” approach has the 
potential to reduce weight and complexity, and is therefore 
ideal for mobile robots such as unmanned aerial vehicles.  
Dry adhesive designs have already demonstrated impressive 
performance by utilizing landing forces to engage gecko-
inspired pads [9], [10]. Other innovative passive mechanisms 
use the drone weight to actuate grasping [11], [12]. Recent 
works use the Fin Ray Effect to produce a gripping effect that 
does not require power to maintain a closed grasp [13].   

Our work differs from these previous works through its use 
of a pre-stressed bistable structure.  Bistable structures have 
two stable equilibrium states.  This means that they can 
remain in each of these states without any energy input or 
control.  Energy input is only needed to transition between 
the equilibrium states.  Such mechanisms have been 
exploited in a variety of applications, from beam buckling to 
membrane deformation [14]-[18].  The method of actuation 
may utilize mechanics, electrostatics, magnetism, or 
thermodynamics [19]-[22].  Similarly, the use of bistable 
structures has previously been studied for achieving dramatic 
shape change and large motions [23]-[28].   

Pre-stressed bistable behavior can result from 
deformations in the forming process that produce residual 
stresses [29]-[32]. The use of pre-stressed bistable 
mechanisms has been explored in small-scale applications 
[33]-[35] as well as aerospace release mechanisms [36].   In 
our work, we focus on rapid, lightweight, and repeatable 
gripping to hold a load in tension. This type of “prehensile” 
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gripping enables hanging from perches, brachiation, and the 
transportation of slung loads. This differs from prior work in 
bistable grippers such as the robot tongue presented by 
Cohen et al. [37], as we present a gripper with an interference 
structure allowing it to hold heavy loads with a prehensile 
grasp. Our work also provides detailed analysis and 
experimental characterization of gripper kinetics and holding 
force performance.   

In this paper, we first outline our functional requirements 
for the overall reflexive gripping framework. We then 
describe the pre-stressed bistable metal shell and its behavior.  
This is followed by a discussion of our novel containment 
mechanism and the activation kinetics.  These principles are 
incorporated into a fully functional prototype that uses a 
unique pneumatic system to open the grasp with minimal 
energy input and miniature components. We conclude by 
experimentally quantifying the performance.  

II. FUNCTIONAL REQUIREMENTS 

For a gripper to be suitable for dynamic mobile robotic 

applications, weight, energy consumption, and speed of 

activation are the most critical considerations.  Based on 

these criteria, we outline the following functional 

requirements.  These requirements are based on our desire to 

emulate biological performance as well as our own practical 

experience with mobile robotics. 

1. No sensing or control for grasp activation.  We seek 

to reduce computing, sensing, and mass 

requirements by eliminating control during grasp 

activation. 

2. An activation time under 0.15 s.  This is comparable 

with biological reflexes [8]. 

3. No energy input for holding a closed grasp.  This 

means that the duration of gripping does not affect 

robot performance and enables sustained gripping. 

4. Hanging force density above 10:1. The endurance of 

mobile robots often depends on their weight.  Thus, 

grippers must carry substantially large payloads as 

compared to the weight of the gripper itself. 

5. Electrically resettable grasping.  The ability to 

selectively open the gripper enables a broad range of 

applications including temporary perching, payload 

transport, and manipulation.  Therefore, we seek a 

gripper design that can be opened via controlled 

electric energy input. 

6. Prehensile grasp capacity for a range of sizes.  We 

seek the ability to grasp a range of geometries.  

While load transport can utilize a known geometry, 

perching in unstructured environments may 

encounter a range of object sizes. 

Our examination of the existing literature did not provide 

an overall approach that could meet all aforementioned 

functional requirements.  Therefore, we chose to explore 

new approaches to robotic grasping.  Specifically, we chose 

to focus on a novel approach that combines bistable 

prehensile grasping, high-friction surfaces, and pneumatic 

actuation.  These systems can be activated with small 

amounts of mechanical energy input and can enable very 

rapid grasping.  The use of high-friction surfaces enables 

large load bearing capacity. Pneumatic actuation enables 

dramatic shape change, lightweight components, and 

minimal power consumption.  In the following sections, we 

describe our novel gripper in detail. 

III. UTILIZING PRE-STRESSED BISTABLE BANDS 

Pre-stressed bistable bands form the basis for our 
reflexive gripper design.  Long strips of spring steel with a 
longitudinal axis, y, can be provided a positive initial 
curvature, κy, through plastic deformation.  This plastic 
deformation can be achieved through heat treatment and 
subsequent plastic bending [29].  This is a stable state (grasp 
open).  A second stable state (grasp closed) is when the band 
has a negative curvature about the transverse, x, axis.  We 
call this curvature κx.   

The band now possesses two stable states. In either state, 
the shell exhibits a curvature.   The axes of curvature for each 
stable state are orthogonal to each other. A visualization of 
the two states as well as the naming convention is defined in 
Fig. 2. Since the open and closed configurations are both 
stable, they do not require any input power to remain in those 
states. 

 

A conceptual energy landscape for a pre-stressed steel 
band is shown in Fig. 3.  The mechanical potential energy, 
UM, is plotted against a displacement coordinate, Xfurl, that 
represents the amount the strip is unfurled.  Note that 
locations on the curve where the slope is zero represent 
equilibrium states where the net forces balance.  The two 
equilibrium states (state 2 and state 5) for the pre-stressed 
steel strip are stable (positive 2nd derivative).  This means that 
small displacements around the equilibrium states cause the 
system to return to equilibrium.  This is ideal for a low-power 
gripper because external energy is not required to maintain 
the gripper configuration.  

If sufficient external energy is added to the bistable band, 
it can transition between the equilibrium states.  As Fig. 3 
illustrates, a relatively small energy input can cause a 
transition from state 5 to state 2.  This energy input can be 
used to activate a grasp closure.  This enables a rapid, 

 
Fig. 3. A conceptual sketch of the general energy landscape of a pre-

stressed steel strip. 

 
Fig. 2. An Illustration of the two stable configurations of the bistable metal 

band. On the left is the open state and the radius of curvature lies in the xz 

plane. On the right is the closed state and the radius of curvature lies in the 

yz plane.  

 



  

reflexive gripper.  We refer to this quantity as the  “activation 
energy.”  We describe state 2 as a “closed grasp” and state 5 
as an “open grasp.”  

The use of bistable mechanics to achieve grasp closure 
has several benefits.  First, the grasp can be closed very 
quickly because it is not dependent on any actuation, sensing, 
or communication dynamics.  In addition, the activation 
energy can be carefully quantified and used to inform the 
interaction of the gripper with the environment.  The 
activation energy can be quite low, thereby enabling grasp 
closure with minimal physical interaction. The gripper 
merely requires mechanical energy input to close.  Finally, 
due to their prevalence in tools and wearable devices, a wide 
range of pre-stressed bistable bands made of spring steel is 
commercially available.   

IV. BISTABLE GRIPPING MECHANISM 

 While a pre-stressed steel band enables rapid, simple, 
and energy efficient usage, careful mechanical design is 
required to maximize performance.  Pre-stressed bistable 
bands have not been previously utilized for robotic 
prehensile-type grippers, and therefore require unique 
mechanisms to capture the band while still enabling it to 
open and close. 

A custom containment mechanism was designed to hold 
the band and transmit forces while still enabling the band to 
close when activated.  When the band closes, its 
configuration changes from flat to curved.  Any containment 
mechanism must therefore allow this motion while restricting 
all other degrees of freedom.  We achieve this by first 
constraining the band with four pieces that have protruding 
features designed to engage with notches in the steel band.  
These interfacing pieces determine the configuration of the 
band.  In order to achieve a closed grasp, these band 
constraints must rotate and translate with the surface of the 
band. To accommodate this motion, band constraints are 
attached to axles that are in turn connected to geared links.  
This arrangement, shown in Fig. 4, enables the constraints to 
translate and rotate.  

V. ACTIVATION KINETICS 

A closed grasp is activated when energy is applied to the 
shell in the form of a downward displacement.  This causes 
κy to go to zero and causes the curvature about the x-axis to 
increase in magnitude. This continues until there is large 
bending deformation about the x-axis and the transition to 
shell curvature κx. This rapidly propagates along the 
remainder of the shell, completing the activation process.  

Recall that the activation energy, UAct, is the amount of 
energy required to transition from the locally stable 
equilibrium (grasp open) to the global stable equilibrium 
(grasp closed).  The activation energy can be treated as a 
force input with a corresponding displacement.  

To estimate the activation energy, we utilize the strain 
energy model formulated by Kebadze [29]. The model 
considers a cylindrical shell element with an initial curvature 
k0c in the x-direction (initially grasp closed configuration).  
Changes to the total strain energy can be parametrized with a 
single curvature value, κc, and the angle for the axis of 
curvature, θ.  Based on this parametrization, the curvature 

changes in the local x, y coordinate system (Fig. 2) can then 
be expressed through the following equations: 

  (1) 

  (2) 

 . (3) 
Note that in the stable closed grasp (state 2), the associated 
strain energy is not zero, as internal stresses from the initial 
bending moment Moy produce an energy approximately 
equal to U1.  

  (4) 
where L is the band length, v is Poisson’s ratio, and D is the 
band bending stiffness, which is expressed below. The 
quantities b and t are the band width and thickness, 
respectively. 

  (5) 
The bending moment Moy performs work U2 as the 
corresponding curvature Δky changes. Remaining curvature 
changes are captured in U3. 

  (6) 

 (7) 
The total strain energy is simply the sum: 

  (8) 
The original formulation in [29] assumed that all states 

were known based on the manufacturing process.  In many 
cases (such as ours), an existing pre-stressed steel band may 
be utilized without knowledge of the overall manufacturing 
process.  In this case, the material properties can be 
determined, and the curvature for the two stable states can be 
measured.  However, the initial bending moment, Moy, is 
unknown.  Therefore, our proposed solution method is to 
solve iteratively by determining which value for Moy results 
in a stable equilibrium at θ=90ᵒ.  Once this value is 
determined, then the activation energy can be determined by 
examining the strain energy landscape. This relatively 
simple methodology can be used to find order-of-magnitude 
estimates for the activation energy. 

 
Fig. 4. Illustration of the containment mechanism for the bistable gripper. 

Shown are a) the steel band, b) band constraints capturing the steel band, c) 

geared links allowing translation and rotation of the plastic constraints. 



  

VI. GRASP OPENING MECHANISM 

The design of a controlled electromechanical system that 
can unfurl the coiled steel band is non-trivial due to the 
complex continuous motions of the steel band.  In addition, 
the need for lightweight and low power devices further 
reduces the types of applicable methods. 

The high-deformation, continuous motions of bistable 
bands have many parallels to soft robotics.  Distributed 
actuation techniques such as shape memory alloys, 
hydraulics, and pneumatics have all shown great promise in 
soft robotic technologies [37]-[41].  Shape memory actuators 
are one exciting method because they can deform to enable 
grasp closure and then return to their original shape when 
heated.  However, the shape memory wires can interfere 
with the elastic behavior of the bistable band, thereby 
reducing grasp capacity.  In addition, the heating of shape 
memory wires involves significant power consumption. 

Therefore, we instead sought to explore fluid actuation.  
Pneumatic actuation is the most desirable for our application 
because the working fluid is lightweight, and a reservoir 
does not need to be carried on the mobile robot.  For the 
unfurling mechanism, we drew inspiration from the Bourdon 
tube [42]-[44]. This device, historically used for pressure 
transducers, uses fluid pressure to straighten a curved pipe.  
In our case, we utilize a thin plastic channel as the tube, 
which curls when the gripper closes.  The use of thin plastic 
results in minimal interference with the steel band behavior.  
When grasp opening is desired, pressurized air is pumped 
into the air channel, causing it to straighten. 

While the mechanics of Bourdon tubes are nonlinear and 
complex, approximate results from existing works can be 
used to assess the pressure requirements for initiating 
opening of a fully closed grasp.  Qualitative studies have 
shown that the grasp opens sequentially (one half unfurls, 
then the other).   This means we can approximate the 
opening behavior by examining one side.  We refer to the 
two halves of the band as “fingers.” 

The net moment applied by an internal pressure, P, can 
be described using the techniques outlined in [44]. This 
moment, Mu, acts about the Z-axis of the coordinate frame in 
Fig. 5.  This moment is a function of the air channel 
geometric properties, and mainly the overall radius of 
curvature, R.  The tube cross section is approximated as an 
ellipse with semi major and minor axes, a, and b.  

  

  
The variable k is used to parameterize the elliptical 

geometry.  

  (11) 

The variables K and E are elliptical integrals of the first 
and second kind respectively.  The moment imposed by the 
internal pressure, Mu, is resisted by the stiffness of the air 
channel and the internal moments of the steel band.  Since 
our design is based on custom fabricated, thin plastic tubing, 
we neglect the stiffness of the air channel.  The computed 
value for Mu is for the conditions near the initiation of grasp 
opening.  This result can still provide insights into the 

relative pressure requirements for a given initial 
configuration.  The value for Mu can be compared with the 
initial bending moment in the bistable band in order to 
determine how much pneumatic pressure is needed to start 
opening the grasp.  

VII. PHYSICAL PROTOTYPE 

A commercially available pre-stressed spring steel 
bistable shell was acquired by disassembling a “snap-band” 
type bracelet.  This band has dimensions of 230 x 25 x 0.16 
mm (length x width x thickness).  The radii of curvature are 
κy= 35.7mm-1, and κx= -13.1mm-1.   

The gripper can accommodate tubes or beams with 
diameters 25 ± 10mm. The containment mechanism was 
assembled from several custom-made components. Laser-cut 
geared links were attached to the 3D-printed base via steel 
axles. Small, 3D-printed pieces that constrain the band were 
attached to the rest of the containment mechanism via axles 
that passed through the geared links as well as the 
constraining pieces.  

For controlled grasp opening, a lightweight, pneumatic 
solution was implemented.  This pneumatic design enables 
small actuators, low power, and high flexibility.   The 
pneumatic mechanism does not interfere significantly with 
grasp closure and is well suited for mobile applications where 
weight and power are critical constraints. 

An air channel was constructed with a heat sealer from 
10-4 m thick ultra-high molecular weight polyethylene, and a 
third layer was attached to the channel to create a sheath for 
housing the bistable band. The channel is flat when empty 
and matches the curvature of the shell during activation 
without interfering with the gripper’s ability to close.  When 
the channel is inflated, the steel band unfurls. Once fully 

 

 
Fig. 6. Annotated photo of complete gripper prototype: 1. Bistable shell 2. 

Strips of high friction material 3. Pneumatic channel for reopening the 

gripper 4. Pneumatic actuation system for reopening 5. Containment 

mechanism. 
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Fig. 5.  A visual illustration of the pressurized unfurling approach based on 

Bourdon tube behavior. 



  

unfurled, the band is in a stable equilibrium and does not 
require additional energy input to stay open. 

The coefficient of friction between the two “fingers” of 
the gripper is very important for grasping loads smaller than 
the natural radius of curvature of the closed configuration.  In 
order to maximize the holding force, an interference-type 
design was used.  This design utilizes strips of grip-tape or 
sand paper.  These provide both a high coefficient of friction 
as well as a form of mechanical interference that prevents 
unfurling under load.  Bench level characterization provides 
an approximate friction coefficient of 2.5.   

A TCS Brushless Micropump D250-BLZ-V was used to 
pressurize the air for the pneumatic system.  This pump is 
capable of a maximum gauge pressure of 82.7kPa and a 
maximum flow rate of 0.017cm3/s.  The pump is rated for 6V 
and consumes 0.6W when opening the grasp. A Pololu 
D24V25F6 buck converter was used to regulate the voltage 
so that standard batteries could be used. The pneumatic and 
electronic schematics for unfurling the bistable shell are 
illustrated in Fig. 7. Also shown in the diagrams are two 6V 
solenoid valves (S070C-VAG-32), each with three ports. 
These valves enable the use of a unidirectional pump to both 
inflate and deflate the gripper’s air channel.  This air pressure 
is projected to provide a moment of 1.6Nm at the instant of 
grasp opening.  The total mass of all gripper mechanical 
components (band, containment mechanism, pump, valves, 
tubing) is 143g.  

VIII. QUANTIFIED PERFORMANCE 

A. Activation Kinetics 

 To quantify the activation energy, simulations based on 
Section V and physical experiments were performed.  
Numerical predictions for the energy landscape are shown in 
Fig. 8.  For the given steel band, the activation energy was 
predicted to be 0.067J.   

A 3-point bending test was also performed on the fully 
assembled prototype.  The Mark-10 Mechanical Tester was 
utilized for these experiments.  The experiment consisted of 
providing a downward displacement to the mechanism and 
measuring the force and displacement during this process.  
The experiment was performed until grasp closure was 
activated.  The results are shown in Fig. 8.  The integral of 
the experimental force-displacement curve provides the 
activation energy.  This was calculated to be 0.026J.  While 

 
this value is significantly lower than the analytical prediction, 
the error in J is small.  The errors likely stem from 
uncertainties in the exact material properties of the steel 
band, the band forming process, discrepancies from the 
linear-elastic theory, and un-modeled behaviors stemming 
from the containment and grasp-opening mechanisms. 

Both the experimental and theoretical results highlight the 
low activation energy of the prestressed steel band.  The 
experimental value is equivalent to the energy from a 100g 
mass dropped from 27mm above the ground.  This illustrates 
the small energy input required to activate a grasp closure.  
These experimental results also account for any potential 
interference from the air channel and the containment 
mechanism.  

B. Hanging Force 

 To validate the gripper’s ability to grasp a variety of 
objects, the load capacity was measured on steel pipes of 
varying diameters. As shown in the plot from Fig. 9, the 
holding force capacity increases with object diameter until a 
certain optimal diameter, after which the gripper’s 
effectiveness begins to diminish. On a pipe too large, the 
gripper is not able to wrap around far enough to overlap its 
own fingers. The hanging force density of the reflexive 
gripper design ranges from 15 to 28.   

 

 
Fig. 9. Experimental data plotting load capacity for steel pipes of different 

diameters.  

 

 
Fig. 8. Simulation for the energy landscape (above) and experimental 

results illustrating the behavior when activating a grasp closure (bottom). 

 

Fig. 7. Diagrams for the electronics (left) and pneumatics (right) which 

control the grasp opening process. 

 



  

 

C. Reflexive Grasp Closure 

High-speed photography was used to examine the 

reflexive grasp closure behavior.  The mechanism was 

placed on an optical bench and activated by hand using a 

metal pipe moving at moderate speed.  The gripper was 

labelled with colored tape in order to track its trajectory.  

Several images from the video are shown in Fig. 10.  These 

images illustrate the speed at which the gripper deploys and 

fully closes when subject to a mechanical energy input. 

Video processing software (Tracker) was used to 

measure the motion profiles of each end of the gripper.  The 

trajectories are shown in Fig. 11.  These results illustrate the 

symmetric nature of the tips and the speed at which 

deployment occurs.  The grasp fully closes within 0.12s.  

D. Pneumatic Grasp Opening 

 The pneumatic unfurling process was also examined using 
video data.  The unfurling process is initiated by delivering 
6V to the air pump.  Unfurling video recordings and 
trajectories were collected using the same methodology as 
that of activation, and the results are shown in Fig. 12 and 
Fig. 13. The gripper unfurls in a controlled manner starting 
with the tip of the outside finger.  The first finger unfurls 
nearly fully before the other finger starts unfurling.  This 
simplifies analysis and reduces resistance to unfurling.  The 
grasp unfurling is much slower (10s) than the grasp 
activation.  Additionally, after the grasp is completely opened 
the inflated air channel must be excavated.  This takes 
another 5s.  If more rapid grasp opening is desired, a larger 
pump could be used.  This would add weight and reduce 
grasp force density.  

 

IX. CONCLUSION 

In this work, we explored how bistable mechanisms can 

enable rapid and reflexive grasping.  Reflexive bistable 

grasping has the potential to greatly simplify sensing and 

actuation. As a result, size, weight, and complexity can also 

be reduced.  These attributes are particularly relevant to 

mobile robots such as unmanned aerial vehicles.  We 

outlined a conceptual design, an innovative containment 

mechanism, and a unique pneumatic unfurling design. 

A physical prototype was constructed and characterized 

experimentally.  The experimental results demonstrate rapid 

grasp closure with speeds rivaling those of natural reflexes 

(0.12s).  The activation energy needed to initiate grasp 

closure was shown to be very low (0.0264J), thereby 

enabling very sensitive performance.  In addition, the 

physical prototype demonstrated high holding force densities 

(~15+) and unfurled with very little energy (12J).  The 

bistable nature of the mechanism results in the property that 

no energy is required to hold the mechanism either open or 

closed.  The primary limitation with this approach is the time 

needed to open the gripper (~15s).  However, for many 

applications such as perching or carrying slung loads, this is 

not a big concern. 

We believe that this new design will serve as an enabling 

technology for a broad range of mobile manipulation 

research.  The ability to rapidly grasp an object through 

direct contact can enable new types of control and 

coordination architectures.  These are especially relevant for 

mobile systems where precise position control can be very 

challenging. 
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Fig. 13. Experimental data illustrating the gripper behavior during unfurling. 

 

 
Fig. 12. Images from the high-speed recording of the unfurling process. 

 

 
Fig. 11. Experimental data illustrating reflexive grasp closure behavior. 

 
Trajectories of the left and right ends of the gripper during activation. The 

process took 0.12 seconds to complete. The origin was defined as the 

midpoint between the centers of the gears. 

 

 
Fig. 10. Images from the high-speed recording of the activation process. 
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