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ABSTRACT

BISTABLE STRUCTURES ENABLE PASSIVE TRANSITIONS IN MOBILE ROBOTS

Jessica Weakly

Cynthia Sung

Making robots more capable, agile, and efficient will require careful design of the robot’s mechanical

body to match task requirements. Passive components allow a robot to perform a task without

a dedicated actuator, often improving both power consumption and overall performance. In this

thesis, we investigate robotic applications of bistable mechanisms, mechanical structures that exhibit

two stable static equilibria, to enable passive actuation and locking for systems with discrete task

modes.

More specifically, the main theoretical contribution of this thesis is a method for determining the

actuation force requirements for dynamically-actuated bistable mechanisms, where inertial forces

are responsible for producing snap-through. In this case, there is a direct relationship between the

inertial forces and the output force of the actuators that produce the associated motions. We find

that the minimum actuating force required for snap-through depends on the ratio between the mass

on the bistable structure and the robot’s total mass, and that it also depends on friction but not

on viscous damping. The main experimental contribution includes demonstrations of the impact of

bistable mechanisms on grasping and flying systems. For perching, we show that attaching a linkage

to a passive bistable structure augments a gripper’s locking strength, leading to passive grasping

with a high strength-to-weight ratio. For aerial reconfiguration, we demonstrate that the energy

cost of passive dynamic transformation can be offset by the efficiency gains of transforming from a

quadrotor to a fixed wing mode. Overall, this thesis shows that passive bistable mechanisms can

eliminate the need for task-specific actuators by repurposing existing locomotion actuators.

vi



TABLE OF CONTENTS

ACKNOWLEDGEMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

LIST OF ILLUSTRATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

CHAPTER 1 : Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

CHAPTER 2 : Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1 Bistable Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 System Analysis Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

CHAPTER 3 : The First Passive Bistable Gripper . . . . . . . . . . . . . . . . . . . . . . . 18

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2 Dynamic Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.3 Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.4 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.5 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

CHAPTER 4 : KGripper Perching Device: Linkage Augments Hold Force . . . . . . . . . . 37

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2 System Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3 Model and Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

vii



4.4 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.5 Predicted Force Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.6 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

CHAPTER 5 : Overview of the Bistable Aerial Transformer Concept . . . . . . . . . . . . . 72

5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.2 System Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

CHAPTER 6 : Passive Dynamic Actuation on a Rotating Boom . . . . . . . . . . . . . . . . 79

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

6.2 Design and Validation of the HAV System with Di�erentiable Simulations . . . . . . 82

6.3 Fabrication and Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

CHAPTER 7 : Bistable Aerial Transformer: Passive Mid-Flight Dynamic Recon�guration . 96

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

7.2 Design of the Bistable Aerial Transformer . . . . . . . . . . . . . . . . . . . . . . . . 98

7.3 Veri�cation of the Bistable Mechanism by Compression Testing . . . . . . . . . . . . 100

7.4 Control and Dynamic Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

7.5 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

CHAPTER 8 : Thrust Requirements for Dynamic Snap-through . . . . . . . . . . . . . . . . 124

8.1 System Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

8.2 Determining Thrust Requirements using the Mass Ratio . . . . . . . . . . . . . . . . 125

8.3 Designing a Beam for Desired Actuation Force . . . . . . . . . . . . . . . . . . . . . . 130

8.4 Hardware Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

8.5 Data Collection and Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

viii



8.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

8.7 Retroactive Study of Tests from Chapter 6 . . . . . . . . . . . . . . . . . . . . . . . . 150

8.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

8.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

CHAPTER 9 : Force Reversal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

9.1 Snap-through from Stored Elastic Energy . . . . . . . . . . . . . . . . . . . . . . . . 156

9.2 Attraction Basin Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

9.3 Practical Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

CHAPTER 10 : Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

10.1 Design methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

10.2 Advantages of Passive Bistable Mechanisms in Aerial Robots . . . . . . . . . . . . . 165

10.3 Force Reversal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

10.4 Limitations of Passive Bistable Systems . . . . . . . . . . . . . . . . . . . . . . . . . 171

10.5 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

APPENDIX A : Supplemental Material for the BAT . . . . . . . . . . . . . . . . . . . . . . . 174

APPENDIX B : BAT 2.0 Concept and Calculations . . . . . . . . . . . . . . . . . . . . . . . 180

APPENDIX C : Power Consumption Calculation . . . . . . . . . . . . . . . . . . . . . . . . . 187

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

ix



LIST OF TABLES

TABLE 3.1 Gripper Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
TABLE 3.2 Fabricated Gripper Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

TABLE 4.1 Design Parameters of the KGripper . . . . . . . . . . . . . . . . . . . . . . . . . 44
TABLE 4.2 Claw dimensions, relative to point C when � 3 = 0 . . . . . . . . . . . . . . . . . 50
TABLE 4.3 Mass Breakdown of the KGripper . . . . . . . . . . . . . . . . . . . . . . . . . . 53
TABLE 4.4 Force and Torque requirements for the KGripper. Data are computed using

the compression test data for cycles 11-50, since that will give an upper bound
on force requirements, except for the last row which uses cycles 1001-2000 for
comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

TABLE 4.5 Task waypoints sent to the robot arm . . . . . . . . . . . . . . . . . . . . . . . . 63
TABLE 4.6 Success rates for grasping cylinders of di�erent diameters and releasing the cylin-

der using manual and robot methods. For grasping, success is de�ned as the
robot being able to lift the object. Release rate is de�ned as the sum of columns
having conditions A and B and indicates a release that did not require any move-
ment other than the initial twist motion. *did not stay closed during transport 64

TABLE 7.1 Agility Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
TABLE 7.2 Energy Consumption of the BAT . . . . . . . . . . . . . . . . . . . . . . . . . . 122

TABLE 8.1 Beam Designs. Here,F �
s is computed for a single CC beam. The beams are de-

signed such that a system of two CC beams has an MDA force of approximately
F �

A;des when the mass ratio is� = 0 :1602. . . . . . . . . . . . . . . . . . . . . . 143

TABLE 10.1 Comparison of Various Grasping and Perching Mechanisms.Italicized values
indicate estimates from demonstrations which may be loose lower bounds on
the system capabilities. � indicates that only closing has been demonstrated
with this gripper. y indicates that the system is either pneumatic or contains a
�nd ray gripper end e�ector, which will give the system the ability to conform
to an object. These degrees of freedom are not counted. Systems below the
added horizontal line are passively actuated passively locking bistable systems.
Bolded systems were created as part of this thesis. . . . . . . . . . . . . . . . . 167

TABLE 10.2 Comparison of Morphing Aerial Vehicles. � indicates that the e�ciency gains
from Vourtsis et al. (2023) were from exploiting wind conditions during hover,
while all other reported e�ciency gains are from di�erences in forward �ight. . . 169

TABLE A.1 Mass Breakdown of the BAT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
TABLE A.2 Design parameters for the topology optimization . . . . . . . . . . . . . . . . . 177
TABLE A.3 Outdoor Flight Test Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

TABLE C.1 Parameters of the baseline quadrotor for comparison . . . . . . . . . . . . . . . 187
TABLE C.2 Flight Characteristics for BAT 2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . 189

x



LIST OF ILLUSTRATIONS

FIGURE 1.1 The decision tree providing an abstraction of the design process used in this
thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

FIGURE 2.1 Force versus midpoint displacement for a bistable mechanism. A visualization
of the system of two springs is overlaid. . . . . . . . . . . . . . . . . . . . . . . 12

FIGURE 2.2 The potential energy corresponding to Figure 2.1 . . . . . . . . . . . . . . . . 12
FIGURE 2.3 Adding an additional linear spring can bias the motion toward one equilibrium,

introducing asymmetry into the force displacement curve of the structure. If
the additional spring is too sti�, it can make the system monostable. . . . . . 13

FIGURE 3.1 The state machine for the bistable gripper. The grasping task consists of two
modes. The state machine shows that since the locking is provided by the
bistable mechanism, only light objects can be carried. . . . . . . . . . . . . . . 19

FIGURE 3.2 [Top] Visualization showing a side view of the gripper at critical points. The
solid and dashed horizontal lines indicate the the ground and object height for
each case respectively, and the arrows indicate snap-through between states.
[Bottom] Applied force versus � 1 for both opening and closing procedures for
the optimized version of the gripper, plotted after a median �lter. In each
case, the location of applied forceyA follows a constant velocity trajectory
toward the ground. Arrows indicate the direction in which time advances for
each curve. Critical points for the optimization include: the initial equilibrium
con�guration (1), applied force requirement (2), unstable equilibrium at which
snap-through occurs (3), and maximum force (4). The discontinuities at (2c)
and (1o) correspond to contact events between the tips and the ground. Due
to geometric constraints from contact with the ground and object, each curve
on this plot only shows one stable equilibrium; however, snap-through to the
other state will occur as long as the force at (4) is positive. . . . . . . . . . . 20

FIGURE 3.3 Coordinate frames for the symmetric bistable gripper in the open state. The
darker grey represents the mechanical stop linkage, discussed in Section 3.2.4.
External forces are shown in red on the left half of the gripper, while design
parameters are shown on the right half in blue. Points atA and D are �xed
relative to one another on the ring (dark line) . . . . . . . . . . . . . . . . . . 25

FIGURE 3.4 [Left] The label diagram of the handpicked gripper while closed. [Middle] The
TPU spring with sti�ness of 5 N/mm. The holes on each end fasten the spring
to the ring. The diamond pattern has the cell size of 4.5 mm, wall thickness of
0.56 mm. [Right] An image of the optimized gripper while open. [Far Right]
The alternate spring design which reduces in-plane bending of the TPU pattern
and eliminates out-of-plane bending. . . . . . . . . . . . . . . . . . . . . . . . . 29

FIGURE 3.5 The stress-strain curves of di�erent in�ll percentages by the di�erent combina-
tions of cell size and wall thickness. The x axis shows strain of the top surface;
the y axis shows stress applied on the top surface. Repeated percentages in-
dicate di�erent design parameters to achieve the same in�ll percentage. The
data show that the in�ll percentage is the dominating factor. . . . . . . . . . . 33

xi



FIGURE 3.6 The comparison of the MTS tests versus the simulation for the handpicked
gripper. Since the MTS moves downward continuously, after the point of snap-
though compression of rigid material begins. The lack of agreement between
the opening curves is largely due to bending in the TPU springs. The maximum
size graspable objectHmax is determined during the Opening Sim. We include
closing simulations with an object of heightHmax (Closing Sim, Obj) and with
a very tall object (Closing Sim) to show the e�ect that reducing the object
height has on the snap-through behavior while closing. Smaller objects are
harder to grasp because contact of Link 2 with the ground requires deformation
of the torsional spring. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

FIGURE 3.7 The comparison of the MTS tests versus the simulation for the optimized
gripper. During this trial, we used an alternative spring design that prints
the bistable mechanism out of one piece using a thin segment between the two
halves instead of the axle. We found that the bending of springs in the bistable
mechanism is reduced, resulting in better agreement with the simulation in
the opening curve, as compared with the bistable mechanism manufacturing
method in Figure 3.6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

FIGURE 4.1 The KGripper's state machine shows that while it is able to support large loads
due to the linkage locking property, a failed grasp with this gripper will require
a manual reset of the device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

FIGURE 4.2 The KGripper concept. Starting from the open state, the KGripper is pushed
into the object to be grasped. This causes the Kresling pattern to compress,
causing a transition to the closed state. From the closed state, a moment is
applied to the gripper, and a reaction moment is generated by contact of the
claws of the gripper with the sides of the object. This causes the Kresling
pattern to twist until it snaps into the open state. . . . . . . . . . . . . . . . . 40

FIGURE 4.3 Scale bar is 20 mm. The labeled diagram shows the KGripper in the closed
state while hanging from a 13 mm diameter beam. The linkage model is
overlaid in blue. Red lowercase letters are component labels, blue capital
letters are point labels, and black letters are model parameters. . . . . . . . . 42

FIGURE 4.4 The pattern for cutting the Kresling on the laser cutter with geometric param-
eters labeled. Left inset shows the geometric parameters of the end polygon,
while the right inset shows the c-cut crease construction. . . . . . . . . . . . . 45

FIGURE 4.5 Compression tests of the Kresling dipole. . . . . . . . . . . . . . . . . . . . . . 47
FIGURE 4.6 Compression test data of the Kresling dipole. Starting from the fully extended

state, 2000 compressions are performed, and the data are averaged for groups
of cycles to show how the force decreases as the number of cycles increases but
the pattern remains bistable. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

FIGURE 4.7 The PE curves of the Kresling taken by integrating the compression data aver-
aged over cycles 11-50. Total PE includes spring and gravitational PE as well.
The placement of the mechanical stop shows the e�ect of the linkage design. . 49

FIGURE 4.8 Both linkages can simultaneously close over a cylinder with a diameter of
58 mm without touching it when the cylinder is centered in the gripper. . . . . 51

xii



FIGURE 4.9 The torque versus rotation of the center plate, computed by di�erentiating the
PE of the Kresling dipole with respect to the angle between the mid and outer
plates � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

FIGURE 4.10 The KGripper is able to hold 6 kg with minimal �exing in the outer plates. . . 58
FIGURE 4.11 The KGripper as the Franka Emika arm pushes it into a 61 mm object to

trigger a grasp. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
FIGURE 4.12 Timelapse of the KGripper during quadrotor perching on a horizontal beam

with a diameter of 13 mm from a representative trial. The plots show the
thrust and attitude rate commands sent to the robot. Perching (top rows)
begins from hover by moving the robot upward (A) to press the KGripper into
the beam, closing the gripper (B). The robot hovers to allow beam oscillations
to settle, and then is disarmed once the quadrotor's weight is beginning to
be supported by the beam (C). For the release procedure, the quadrotor is
armed and then the height is lifted until the beam is not supporting any of the
quadrotor's weight (D). Then the command to execute a yaw is sent, which
causes the Kresling dipole to twist (E) until it reaches the open state (F). . . 67

FIGURE 4.13 For three di�erent dimensions of Kresling dipoles, �ve compressions at 2 mm/s
are performed and the mean and standard deviation are shown. As the KGrip-
per is scaled up, the force required for actuation decreases. This is likely be-
cause the area of each panel was increased but the thickness remained constant. 71

FIGURE 5.1 The original concept sketch for the morphing aerial vehicle, now known as the
Bistable Aerial Transformer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

FIGURE 5.2 The �gure of the transition maneuver from Weakly et al. (2024) which also
shows the theoretical transition from Li et al. (2021). © 2024 ASME. Reprinted,
with permission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

FIGURE 6.1 The fabricated HAV prototype with �xed wing (top) and quadrotor (bottom)
modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

FIGURE 6.2 (a) The design con�guration, where the design domain of each arm is of an L
shape, and the control direction is visualized with the red arrows. Each arm
can rotate around an axle on its end; (b) The �nal optimized arm. . . . . . . . 84

FIGURE 6.3 Force-displacement plot of the optimized topology with both equilibrium con-
�gurations visualized. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

FIGURE 6.4 Optimized con�guration. The deformation state of u2 is illustrated on the
bottom right corner. Top left shows how we choose the boundary condition
and the objective. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

FIGURE 6.5 Final design (the simulated HAV system). . . . . . . . . . . . . . . . . . . . . 90
FIGURE 6.6 Theoretical state transition procedures. . . . . . . . . . . . . . . . . . . . . . . 90
FIGURE 6.7 Motion of the bistable mechanism during F-to-Q. . . . . . . . . . . . . . . . . 92
FIGURE 6.8 Motion of the bistable mechanism during Q-to-F. . . . . . . . . . . . . . . . . 93

xiii



FIGURE 6.9 1D wing angle comparisons. An angle of zero corresponds to the �xed wing
mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

FIGURE 7.1 The fabricated BAT prototype with quadrotor (top) and �xed-wing (bottom)
modes. Shown hovering during an outdoor �ight test over the University of
Pennsylvania's Franklin Field. . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

FIGURE 7.2 (a) CAD model of the �nal design. The bistable mechanism (d, shown in
blue), is designed via topology optimization and printed from thermoplastic
polyeurethane. The closeup of the wing linkage (e, boxed in green) also shows
an elastic element that is added to counteract the weight of the wing. (b)
State transition procedures. *A short forward thrust is used to stabilize the
system orientation before the reverse thrust.(c) The control system diagram. 98

FIGURE 7.3 (a) A photo of the compression testing setup on the MTS Criterion® 41.
(b) The compression data for the optimized arms of the robot with simulated
curves and �nal arm design overlaid. The simulated curve used in the opti-
mization is shown, along with the calibrated curves with and without hysteresis
that match the compression data. Zero in the displacement corresponds to the
location of the axles. Forces and displacements increase in the downward di-
rection (towards quadrotor mode). The plot shows the mean with� standard
deviation shaded for each tested speed, and the local extrema on each curve
are indicated with a point. During �ight, the speed is 88 mm/s on average, the
maximum speed of the MTS machine on the MTS machine is used (50 mm/s).
The test is repeated for slower speeds to determine the e�ect of the dynamics
on the system. Each test includes 5 cycles at each speed, except 0.003 mm/s,
which only includes 3 cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

FIGURE 7.4 We verify the BAT within our elastodynamic simulation framework. In plots
(a) and (c) , the displacement refers to the motion of the bistable mechanism,
with 40 mm corresponding to �xed-wing mode and -15 mm corresponding to
quadrotor mode. (a) The Q-to-F transition is only triggered in the absence of
hysteresis. (b) The strain energy plots show that the hysteresis adds dampings
to the system. (c) The displacement plot shows that when reverse thrust is
used, the transitions are successfully triggered. Per-motor thrust values are
also plotted. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

FIGURE 7.5 Snapshots from Supplemental Materials Video 6 of the mode transitions. [Top]
F-to-Q: The BAT begins in �xed-wing mode and applies a large thrust. Around
0.13 seconds, the bistable mechanism has snapped-through to the other equi-
librium, causing the wings to fold. [Bottom] Q-to-F: the BAT begins hovering
in quadrotor mode, executes a vertical trajectory, pitches forward to 90� , and
reverses the direction of thrust. Snap-through and wing deployment occurs,
with a side e�ect of inducing a forward pitch. . . . . . . . . . . . . . . . . . . . 109

xiv



FIGURE 7.6 Experimental Data from the Flight Tests. Top plots show the motion of the
bistable mechanism and the control inputs, indicated by shaded regions, mid-
dle plots show the predicted, commanded, and actual position of the robot
z coordinate during the transitions, and bottom plots show the actual pitch
rate and thrust commands sent to the robot during the trials. (a) For F-to-Q,
the displacement plot shows snap-through, and the robotz coordinate shows
that the robot continues �ying after snap-through. (b) For visual clarity, light
smoothing is applied to the bistable mechanism displacement for Q-to-F (a
moving median �lter with a window of width three) due to orientation er-
rors from marker occlusion.With the wings attached, the controller is not able
to track the approach trajectory very well due to drag, preventing the robot
from reaching the desired apex.(c) For Q-to-F without the wings, the snap-
through takes longer. When the wings are not attached the robot tracks the
commanded trajectory with a lag. The two trials with shallower end behavior
were able to hover after snap-through. . . . . . . . . . . . . . . . . . . . . . . . 111

FIGURE 7.7 (a) The BAT in �xed-wing mode �ies away from the camera. (b) The agility
test boxes are plotted. The pilot is able to �y more accurate boxes when the
wings are retracted. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

FIGURE 8.1 (a) The two-mass system representation of the BAT.(b) The free body dia-
grams of each mass in an inertial frame. . . . . . . . . . . . . . . . . . . . . . . 125

FIGURE 8.2 The bifurcation diagrams for a system where the bistable mechanism consists of
two identical beams. Each bifurcation diagram is shown at a di�erent constant
value of mass ratio� . The solid lines indicate stable equilibria of the system,
while the dashed lines indicate the unstable equilibria of the system. The MDA
force is given by the smallest value on the force axis for which there is only one
solution (ie, drawing a vertical line through the MDA force would only have
one intersection withe the curve). In (a) , only the frictionless case is shown.
In (b-d) , the black lines indicate the frictionless case and the red lines indicate
the e�ect of 0.5 N of Coulomb friction on the system. The bifurcation diagram
shows that less passive mass a system has, the more di�cult inertial actuation
of the bistable mechanism becomes. As� ! 1 the MDA force F �

A ! F �
s . . . . 128

FIGURE 8.3 For Beam B2 in Table 8.1, the actuation force is computed using (8.8) for
two beams versus the mass ratio for di�erent amounts of constant friction and
shows that as the mass ratio� ! 1, the system approaches the static actuation
case, but that as the mass ratio gets lower, the force required to actuate the
system gets increasingly higher. . . . . . . . . . . . . . . . . . . . . . . . . . . 129

FIGURE 8.4 Diagram of the simulated beam. One end of the beam is clamped and the
other is clamped to a roller. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

xv



FIGURE 8.5 (a) The non-dimensionalized force vs vertical displacement curve for varied
values of � x , which are given in the legend(b) Normalizing each axis by the
maximum value of the variable aligns the non-dimensional force displacement
curves for di�ering values of � x , as indicated by the legend. We see that
they have a very similar shape, with the peak force occurring at the same
location along the � y=max(� y) axis. The data has an approximately quadratic
segment from the equilibrium to the peak, followed by an approximately linear
segment between the peaks, and then a similar quadratic segment. The linear
approximation is more accurate for low values of� x . . . . . . . . . . . . . . . . 135

FIGURE 8.6 (a) The height of the RHS of the beam after compression, but beforeF is
applied, � y;max , as a function of � x . (b) The amount of non-dimensionalized
force f max needed for snap-through to the other equilibrium con�guration as
a function of � x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

FIGURE 8.7 (a) The compression test setup for the two CC beams.(b) The peak force
value computed using the model is very close to the experimentally measured
value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

FIGURE 8.8 The boom used for experiments with the robot. A GoPro is mounted between
the center of rotation and the robot to record the snap-through. . . . . . . . . 139

FIGURE 8.9 The labeled diagram of the design for the boom testing setup . . . . . . . . . . 140
FIGURE 8.10 Data from a representative trial, the �rst trial for � = 0 :2609with the pinions

in place, giving Ff = 0 :5. (a) The shape of the beam in the top of each
timelapse image shows that snap-through is completed after only 0.225 s.(b)
The raw angular rotation provided by the Vicon during the time that the
thrust is maximal is shown on the left with a quadratic curve �tted to it. The
residuals in the left plot show that the error is small. . . . . . . . . . . . . . . 145

FIGURE 8.11 The data from � = 0 :2609and Ff = 0 :5 N show that as the starting velocity
is increased, the net applied force for a given thrust input is lower. Points that
are �lled in indicate that the particular trial experienced snap-through. . . . . 147

FIGURE 8.12 [Top] The plot of the data from 86 boom tests using Beam 2 shows the duration
of snap-through for beam that snapped (solid points) on the y-axis against the
net actuation force on the x-axis. The colors indicate the four test cases,
comprising two di�erent values for � and two di�erent friction conditions, as
indicated by color. Vertical lines give the computedF �

A for each condition.
Circles indicate the zero-starting velocity condition, while squares have a small
starting velocity and triangles have a large starting velocity. [Bottom] For
beams that did not snap-through, the case number is used to space out the
data for clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

FIGURE 8.13 The snap-through speed vs force magnitude for Q-to-F tests with the arms
from Li et al. (2021) shows that the simpli�ed model accurately predicts the
force required to cause snap-through. Trials in which snap-through did not
occur are assigned a negative value for snap-through time. . . . . . . . . . . . 152

FIGURE 9.1 The minimum force required (without considering energy losses) to store enough
potential energy in the structure to overcome the potential energy barrier and
cause snap-through is marked as the points on the curve. . . . . . . . . . . . . 157

xvi



FIGURE 9.2 The potential energy of the CC beam, zoomed out to show the behavior beyond
the equilibria. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

FIGURE 9.3 The phase portrait and attraction basins for the CC beam system. The striped
pattern in the attraction basins shows that moving far enough away from
the unstable equilibrium could cause the system to overshoot the near stable
equilibrium and make it to the target stable equilibrium. This shows that force
reversal is not theoretically necessary, though systems without force reversal
will require a precise deformation past the stable equilibrium that is dependent
on damping terms to prevent oscillation. . . . . . . . . . . . . . . . . . . . . . 159

FIGURE 10.1 The decision tree providing an abstraction of the design process suggested for
this class of systems, based on the insight gained in this thesis. . . . . . . . . 163

FIGURE 10.2 A plot of the strength-to-weight vs the ratio of dedicated actuators for grasping
to the total number of actuators. . . . . . . . . . . . . . . . . . . . . . . . . . 166

FIGURE A.1 Metal rods are placed on each wing to help with rigidity of the fabric material.
Fishing line is connected from the bottom of one wing, passed through the
�shing line attachment at the back of the battery, and then connected to the
bottom of the other wing. This is repeated with a second piece of �shing line
that passes through the attachment at the front of the battery. A third piece
of �shing line connects the bottom wing tips to each other. . . . . . . . . . . . 177

FIGURE A.2 Thrust stand test data for the Dalprop T5045C propellers on the ARRISX2206
2450kV motors. The controller used in this paper uses a quadratic relationship
between propeller speed (! ) and thrust force (F ) via a thrust coe�cient kf ,
F = kf ! 2. We determine kf for the propeller by conducting thrust stand
testing. The ESC is ramped from 0 to 2300 rad/s gradually, thrust is measured
by a bar load cell, and the angular velocity is measured optically by tracking
a piece of white tape on the motor. To computekf , we perform linear least
squares regression with the quadratic model. For the forward thrust direction
kf;f = 1 :06 � 10� 6 N (s/rad) 2, while in the reverse thrust direction kf;r =
� 5:93 � 10� 7 N (s/rad) 2. While only the forward kf;f is supplied to our
controller, determining the reverse thrustkf;r shows that the amount of thrust
available when spinning the motors in reverse is 56% of the corresponding
amount of forward thrust. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

FIGURE B.1 Deployable wing concepts in consideration. a) Telescopic airfoil segments are
deployed by a measuring tape driven by a rack and pinion. b) An alternative
method for deploying telescopic airfoil segments would be to use pulley driven
telescopic arms inside the airfoil (Figure borrowed from https://gm0.org/en/
latest/docs/common-mechanisms/linear-motion-guide/rigging.html). c) A �at
wing that uses the mechanism from a compact umbrella. d) Pulley driven
origami tubes are inside a collapsible airfoil shaped shell. e) The origami tube
prototype is fabricated from 3D printed panels laminated together. . . . . . . 181

FIGURE B.2 The telescopic airfoil shaped wing. [Left] Fully extended con�guration. [Right]
Fully retracted con�guration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

xvii



FIGURE B.3 The square frame has less overlap with the propellers and less drag in the �xed
wing �ight mode compared to the circular ring from Chapter 7. Rectangular
sections of carbon �ber connect to 3D printed joints that hold the motors uing
bolts. The bistable beam will be mounted to the carbon �ber frame sections
as well. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

xviii



CHAPTER 1

Introduction

1.1. Motivation

Adding functionality to a robotic system incurs a complexity cost, which traditionally comes in the

form of additional components, extra actuators, or higher power requirements. However, making

careful use of passive degrees of freedom shows promise as a way of reducing actuation requirements.

Hawkes and Cutkosky [1] show that passive degrees of freedom can give robots the ability to adapt

or react to disturbances in the environment and reduce the number of sensors or actuators necessary

to perform a task, while accepting limitations on the versatility of the system.

Compliant elements have facilitated partially passive motion in robotics [2]. In applications as

varying as manipulation [3, 4], locomotion [4], navigation [5], and human-robot interaction [6],

compliance has simpli�ed actuation, fabrication, and control through tuning of the structure's me-

chanical properties during design. The ability of compliant elements to store energy for rapid release

has been used to enable contact-triggered grasping [7], jumping [8], and swimming [9], but these

designs still require a dedicated actuator to provide the energy that is stored in the structure.

In special cases, task functionality can be added to a mobile robot without requiring a dedicated

actuator. Unactuated mechanisms have been used achieve aerial morphing in quadrotors with only

the standard four motors used for �ight. Bucki and Mueller [10] attached the arms of a quadrotor

to its base using hinges and used compliant springs to passively fold the arms when the thrust

was turned o�, allowing the drone to �t through small windows during �ight. In [11], similar

functionality was obtained using only the hinges by allowing bidirectional thrust capabilities, which

enabled the quadrotor to additionally perform aerial manipulation and perching. However, the cost

of passive designs is that they impose restrictions on the locomotion actuator outputs that may be

applied within a given mode. For passive hinges, there is no overlap between the operation regimes

of each mode [11]. However, [12] shows that adding hysteresis into the design allows overlap between

operation regimes of each �ight mode for a quadrotor that passively tilts its propellers to reduce
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frame drag and increase agility. The requirement is that the design must provide high resistance

to initial transformation, but little resistance to maintaining the second con�guration. This thesis

explores a case where the second con�guration actually becomes stable, providing active resistance

to leaving the con�guration.

This thesis focuses on the use of bistable mechanisms, a special type of compliant structure that

has two stable static equilibrium states, meaning they exhibit a passive �locking� property, which

provides strength to resist unintended mode transitions. Bistable mechanisms have already demon-

strated the ability to augment actuators by increasing the actuation speed or amplifying the actu-

ation stroke [13]. Since they are lightweight and exhibit fast and repeatable snap-through between

equilibria, bistable mechanisms have been utilized in a diverse set of robotic systems, such as jumping

robots [14, 15], Venus �y-trap robots with high-speed grasping [16, 17], rowing aquatic robots [13],

and mechanically intelligent crawling robots [18]. In these systems, a trigger pushes the mechanism

past its unstable equilibrium, causing the mechanism to �snap-through� to its other equilibrium and

producing an impulse on the robot. However, most robotic applications have directly coupled a

bistable structure with a dedicated actuator to add the energy needed to reach the unstable equilib-

rium in each direction. Bistable mechanism designs have been directly actuated to switch between

equilibria via motors [8, 15, 19], shape-memory actuators [13, 16], or pneumatics [17].

Recently, bistability has demonstrated the capability to enable passive behavior by acting as a sensor

or mechanically embedded trigger. Robotic grippers use contact forces to enable highly dynamic

grasps [20, 21] or aerial perching [22]. Since each desired con�guration is stable, robots do not need

to continuously consume electrical energy to maintain the grasp of the object.

Passive actuation with active locking can enable systems to have low actuation force requirements

but high hold strength. Active locks can be used to enable an actuator to latch a passive element

into a given state, but require a dedicated actuator. Hsiao et al. [23] developed a bistable gripper

with a suction cup that is able to increase its hold strength by using a latch. The bistable gripper

is actuated by pressing the suction cup into the surface. Then, the latch is rotated into place by

a servo, locking it into place such that the hold force is su�cient to support the entire mass of
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the drone. The origami �ngers with bistable joints in [24] are another example of a system with

passive recon�guration and active locking. Transforming individual vertices between stable modes

allows di�erent grasps to be executed. Transformation is performed by leveraging accelerations of

the manipulator arm, but individual �ngers on the gripper may be locked and unlocked by using

the actuator that also commands a grasp for that �nger.

This thesis explores an emerging class of systems that use bistability to achieve entirely

passive actuation and passive locking behavior for use in tasks that have discrete target

states. Besides the three systems developed in this thesis, the only other example of a passively

actuated system with passive locking is the mechanically intelligent and passive (MIP) gripper

in [25], which also uses a bistable mechanism. The MIP gripper is a lightweight gripper with a high

strength-to-weight ratio that is closed by being pressed into an object, locked by application of the

load, and released by removal of the load.

Completely passive subsystems show promise in allowing performance to be maintained while reduc-

ing the actuation cost by eliminating the need for a dedicated actuator for a task [12, 25]. However,

a challenge in designing these systems is that there are few engineering guidelines for when passive

solutions can be used, and existing systems provide solutions that are specialized to particular tasks.

Previous works, such as [25], have determined static actuation requirements for particular systems,

but do not give insight into generalizable requirements for new designs.This thesis contributes

design guidelines for the emerging class of robotic systems with passive actuation and

locking, particularly pertaining to the actuation capabilities that a mobile robot must

posses in order to interface with one of these systems. In particular, we �nd that

practical considerations lead to a requirement of �force reversal� (Contribution 1). In

other words, a robot must be able to apply a force toward each equilibrium in order to achieve

passive bidirectional switching of a bistable structure. We demonstrate that the force reversal could

be caused by reversing a robot's actuators or could depend on the linkage structure. Throughout

the thesis, we show how each system uses force reversal, and we build to a theoretical analysis that

shows the bene�ts of using force reversal rather than relying on stored elastic energy for the second
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snap-through direction.

This thesis also analyzes a novel actuation method for robotic systems that uses inertia to cause snap-

through of a bistable structure. The accelerations of the mobile robot's base frame can cause snap-

through of a bistable structure, but the accelerations must be su�ciently large. While dynamically

actuated snap-through has been shown in [24], that system is mounted to a robot arm capable of

providing very high torques. This thesis includes the only known examples of dynamically actuated

bistable structures for mobile robots. In mobile robot design, ensuring that locomotion actuators

can generate su�cient forces/torques for the application is critical. This thesis addresses a gap

in the literature regarding the magnitude of force that is su�cient to cause dynamically actuated

snap-through (Contribution 2). In particular, we show the force requirement depends on the ratio

of passive mass to total system mass, as well as friction. Interestingly, the required force does not

depend on viscous damping terms, which is an exciting result given that viscous damping terms can

be challenging to accurately measure.

Additionally, the thesis includes task-speci�c demonstrations that using passive systems with lock-

ing can enable similar performance to some active systems while reducing actuation requirements.

Particularly, we show that linkage locking in connection with a bistable structure can enable high

hold strength for grippers while maintaining light weight and low power consumption (Contribu-

tion 3), and that e�ciency gains can be achieved using dynamically actuated aerial recon�guration

(Contribution 4).

1.2. Scope

This thesis addresses how engineers may add functionality to an existing mobile robot base. The

scope of this thesis is limited to tasks that have two discrete states, such that each equilibrium of

a bistable structure may be mapped onto a target state. We also assume standard form factors

of mobile robots, such as quadrotors. In particular, we consider a basic grasping task in which a

gripper needs an open state and a closed state, as well as an aerial recon�guration task where there

are two discrete �ight con�gurations.
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This thesis is concerned with developing a better understanding of theclass of systemsthat uses

a bistable structure to achieve passive actuation and locking. By developing three distinct systems

within the class, we are able to elucidate emergent properties, requirements, and limitations. Thus,

we are more concerned with understanding each system's overall functionality and design require-

ments than fully optimizing its particular implementation. Each system must be able to perform

its given task without a dedicated actuator, and ideally should have performance comparable to

at least one of its fully-actuated peers. Potentially, entire theses could have been dedicated to the

design, optimization, and control strategies for each of these subsystems, particularly for the aerial

vehicle.

A primary aim of this thesis is to show that passive subsystems can reduce actuator complexity

while mostly maintaining the performance of a given task. Therefore, the thesis aims to develop

entirely passive subsystems that can perform a real task without any dedicated actuators. The

thesis is less concerned with increasing the performance of systems for a particular task. We aim to

show su�cient capabilities to demonstrate that the systems are useful for real tasks, and that future

investigation into re�ning the performance of these systems is worthwhile. Our main hope is that

the requirements we provide can help facilitate the design of new passive systems that outperform

those developed herein and apply this paradigm to new tasks.

1.2.1. Design Process

This thesis assumes that a given mobile robot is capable of exerting a force,Fmax in a given direction.

The design problem is to develop a subsystem that will use the existing locomotion actuators to

perform an additional discrete-state task. This thesis explores the design of a bidirectionally passive

system that uses a bistable structure to drive the state transitions.

The decision tree in Figure 1.1 shows the general process used for designing systems in the class of

passive designs with bistability to replace an actuator. The yellow square boxes indicate the design

process �ow, while blue diamonds indicate decision points. It is expected that there are situations

where using the passive design paradigm will not be suitable, and this thesis gives guidance on when

to depart from this approach, indicated by the suggested approaches outside the class of systems in
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Figure 1.1: The decision tree providing an abstraction of the design process used in this thesis.
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the dotted box to the right. Subsystems that use a dedicated actuator are outside the scope of the

thesis.

This thesis provides a high level approach to system design and illuminates important considerations

for this class of systems. Therefore, we emphasize the high level process and decision points, even

though the processes inside each design step are often iterative. A key insight this thesis proposes

is to begin with the geometric design of the structure's kinematics and then modify the sti�ness of

the structure to tune the force required for actuation. Some of the steps in the design process are

still open problems, while others are essentially solved.

Steps 1 and 2 should be used as a guide, giving key considerations, but not an exhaustive list. As

part of Step 2, the type of bistable mechanism should be chosen. A key consideration for selecting

the embodiment is to consider which motions the bistable mechanism may use as control ports

and/or output ports. For example, pinned-pinned buckled beams exhibit both displacement of the

midpoint and rotation of the ends, while clamped-clamped buckled beams only exhibit displacement

of the midpoint1. Bistable mechanisms that experience pure torsion [26] can not be driven through

displacement (without the use of another mechanism), but a Kresling pattern [27] has coupled

compression and twist that allow it to be driven through angular or linear displacement. The

bistable hair clip experiences rotation about two axes, and could be driven through either [28].

Step 3, only encountered in certain cases, is a challenging open problem. We present one solution

in Chapter 4 and acknowledge one other solution in the literature [25]. Fully studying methods

for accomplishing this step are outside the scope of the thesis. Steps 4 and 5 are fairly tractable

problems, for which several approaches may be taken as discussed further in Chapter 2. In Chapter 8,

this thesis makes progress on enabling the decision point between Step 4 and 5 in the chart, extending

the prediction capabilities on the actuation force required to dynamically actuated systems that

leverage inertia for switching, which enables the design of both static and dynamic systems.

Step 1 is to de�ne the design problem, which consists of determining objectives and constraints.

1Portions of the clamped-clamped beam undergo substantial rotation, but the use of arbitrary segments of a beam
for engineering purposes could impact its motion adversely, so it is advisable to use midpoints and endpoints
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The task requirements are de�ned in terms of the output displacement desired and the disturbance

force that each mode must be able to resist (FR ). The constraints relate to the maximum force

that the robot is able to provide (Fmax ). There may also be constraints on the total volume of the

mechanism, the complexity, or the mass.

In Step 2, a design concept should be selected. This includes choosing which morphology of bistable

mechanism will be used, which locomotion robot degrees of freedom can be used, and how force

reversal will be achieved. A state transition method should be selected based on whether there are

contacts, magnets, drag forces, or accelerations that may be utilized.

Then, the �rst decision point is reached. In addition to driving the switching, the bistable mechanism

could be used to provide the resistance force (for example, the holding strength of a gripper). For

that to work, the required snap-through force to trigger switching (F �
A ) would need to exceedFR ,

the force to be resisted. However, this necessarily requires the robot capabilitiesFmax to exceed

FR . Alternatively, if contact is available, it may be possible to design a linkage that geometrically

locks the state under application ofFR (Step 3). Otherwise, it is advisable to develop a passively

actuated system that has an active lock, similar to [23].

Next, the bistable mechanism and linkage are designed to achieve the displacement goals in Step 4

and Step 5. In the projects in this thesis, the bistable mechanism was designed �rst (Step 4) to meet

the force requirements, and then its displacement is used as the input to a linkage design problem

(Step 5). For an arbitrary number of linkages without length constraints, any output displacement

from the linkage should be achievable, but constraints on linkage volume or complexity may render

a displacement infeasible. If the displacement goals cannot be satis�ed, a motor may be needed to

drive the motion.

A valid solution must have a required actuation force of the structureF �
A that is less than Fmax .

Otherwise, Step 6 is to incorporate a linear spring to bias the structure, mechanical stops to reduce

the actuation force requirements by constraining the bistable mechanism's motion, or constraints on

the magnitude of the friction/resistance the linkage exerts. However, these additions may require
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redesign of both the bistable structure and the linkage.

For the designs in this paper, only the KGripper includes Steps 3 and 6, since its higher number of

design requirements compared to the other systems led to a solution that uses a linkage both as a

lock and as a mechanical stop.

1.3. Outline

This thesis explores the ability of a subclass of passive designs that incorporate bistability to replace

an actuator and exhibit locking behavior. These passive designs reduce the number of actuators

while incurring the cost of additional constraints on their operation. First, theoretical background

relating to bistable structures that will assist the reader in understanding the subsequent chapters is

given in Chapter 2, along with a review of analysis methods for determining actuation requirements.

In the remainder of the thesis, we develop individual systems within the class, and then build to an

analysis of the design requirements.

We start by considering static systems that are actuated using contact with the environment. In

Chapter 3 we present the �rst bistable gripper to exhibit both passive grasping and passive releasing

of objects, demonstrating that it is possible to create a mechanism that enables grasping to be

completed without requiring any dedicated actuator for the subsystem. Chapter 4 shifts the focus

to aerial perching and discusses how linkages may be used to increase the hold strength of passive

bistable grippers by enabling a passive locking feature, addressing Contribution 3. This chapter

shows that using multiple degrees of freedom of locomotion enhances the gripper's performance.

In the remaining chapters, the dynamic actuation case is addressed. For dynamically actuated

bistable structures, snap-through of the bistable structure is enabled by exploiting the system dy-

namics. Chapter 5 provides an overview of the morphing aerial vehicle concept. In Chapter 6, the

concept of dynamic actuation using inertia is introduced with testing of a dynamically actuated

system on a boom and the preliminary design of the Bistable Aerial Transformer (BAT). In Chap-

ter 7 the BAT is developed and mid-�ight, dynamically actuated switching is demonstrated. The

BAT shows that dynamically actuated structures can take advantage of the mass of the onboard
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battery to achieve aerial recon�guration between an agile �ight mode and an e�cient �ight mode

(Contribution 4).

Finally, Chapter 8 develops a framework for designing dynamically actuated bistable structures

subject to actuation constraints (Contribution 2). Chapter 9 uses the model developed in Chapter 8

to conduct analysis regarding force reversal. We show that while force reversal is theoretically not

required, it drastically reduces the actuation force required and removes dependence on velocity

dependent damping terms (Contribution 1). As discussed in Chapter 10, Contribution 1 is also

woven throughout the entire thesis as each system demonstrates a method of implementing force

reversal. We close by summarizing insights gained from designing the systems and pointing to areas

for future development, mainly in enhancing individual systems' performance. Additionally, the

appendices include work towards increasing system performance by providing additional support

and justi�cation for deployable winged aerial vehicles.
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CHAPTER 2

Background

2.1. Bistable Mechanisms

Bistable mechanisms are structures that have two stable con�gurations. We will consider a system

having two opposed springs and a midpoint that can be pressed either to the left (negative direction)

or right (positive direction). The bistable characteristic can be identi�ed from the force displace-

ment curve, shown in Figure 2.1. Starting from the leftmost data point, which we will call the

negative equilibrium in our coordinate system, a force in the positive direction is required to cause

displacement of the midpoint in the positive direction. However, the bistable nature is evident from

the presence of three zeros in the plot. Once the midpoint is displaced past theunstable equilibrium

(the middle zero), the system experiences a rapidsnap-throughto its positive equilibrium. This is

because a force in the opposite direction would be needed to prevent the system from going to its

second equilibrium. To transition back to the negative equilibrium, the system requires a force in

the negative direction until it crosses the unstable equilibrium and snap-through occurs again.

In order to cause snap-through, a su�ciently large force must be applied. The required force to

trigger snap-through is noted asF �
+ , and the required force to trigger snap-through in the negative

direction is noted asF �
� . For a symmetric system like the one shown in Figure 2.1, the magnitudes

of F �
+ and F �

� are equal. These forces will be referred to as thesnap-through forcesof the structure.

Integrating the force displacement curve of a bistable system gives the potential energy curves,

from which the bistability is also evident. Bistable systems will have twoenergy wellsat the stable

equilibria and one energy barrier at the unstable equilibria.

We have shown a symmetric system, but bistable systems can also be asymmetric [29]. For instance,

adding a third spring that is along the axis of de�ection for the system will bias the motion of the

system towards one equilibrium, as shown in Figure 2.3. Depending on the ratio of spring sti�nesses,

the system can also become monostable. Asymmetric bistable systems will have one energy well
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Figure 2.1: Force versus midpoint displacement for a bistable mechanism. A visualization of the
system of two springs is overlaid.

Figure 2.2: The potential energy corresponding to Figure 2.1
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Figure 2.3: Adding an additional linear spring can bias the motion toward one equilibrium, intro-
ducing asymmetry into the force displacement curve of the structure. If the additional spring is too
sti�, it can make the system monostable.

that still has stored energy.

For robotics applications, this thesis will highlight the importance of examining the force displace-

ment curve. While the potential energy barrier tells how much energy the system will require, it

does not directly provide actuation guidelines. The snap-through force is not apparent from looking

at the curve in Figure 2.2. This thesis will show that extracting the peak values of the force-

displacement curve is important for actuator selection. If the actuators cannot output su�cient

force they will continue to expend electrical energy without doing any mechanical work, since they

will not have su�cient force to reach the top of the energy barrier.

2.1.1. Embodiments

As reviewed in [30], bistable structures can be embodied in many forms, including buckled beams [31],

linkages with a mix of rigid and compliant members [32], topology-optimized truss structures [33],

and origami [34]. They have been designed at both macro scales and micro scales [32]. For a

thorough review on past usages of bistable mechanisms, see [30, 35].

2.2. System Analysis Methods

Contribution 1 of this thesis pertains to the actuation requirements for the passive structure, since an

input force will need to be applied to the structure using the robot's locomotion actuators in order to
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perform the task. In this section, we review techniques that have been used to determine actuation

requirements, considering both directly actuated methods and passively actuated methods.

For a static force analysis, the design in [25] that consists of beams and compliant joints develops

analytical models of the strain energy and uses the Theorem of Least Work to compute actuation

force requirements. Beam bending is approximated as linear springs due to small deformation, and

compliant joints are treated as torsional springs. Due to complex geometries and non-linearities in

the material, [23] and [36] obtain the static actuation force requirements by taking experimental

measurements during compression tests. Alternatively, the force required to open the gripper in [37]

is determined experimentally by measuring the current draw on the selected motor while a load is

applied to verify that the system has a su�cient safety factor. Experimental testing is also used to

determine the actuation force for a bistable gripper made from paper [36], and a bistable gripper

with a suction cup [23].

For grasping devices actuated through impact, devices with well-de�ned rigid linkage structures

and compliant springs have been modelled analytically. For example, [38] uses force balances that

take into account the impact force and [37] models the rigid body dynamics while including the

impulsive force. The bird-inspired gripper in [39] faces the challenge of balancing over top of the

perch and uses an angular momentum balance to �nd the �perch su�ciency region�, the set of velocity

magnitudes, velocity angles, and leg angles that permit successful perching. Dynamics simulators

may be used to model the rigid body dynamics as well [40]. To model compliant origami, [41]

uses Finite Element Analysis solve the dynamics explicitly. Finally, for a passively-perching soft

quadrotor that is di�cult to model, drop tests enable the required impact velocity for successful

actuation of the soft gripper to be experimentally determined [42].

For aerial morphing mechanisms, the actuation requirements must account for both rigid body

dynamics and potentially also the aerodynamic loads on the system. For drones with folding

arms [10, 11], the aerodynamic loads are assumed to have negligible impact on the folding limi-

tations, and the rigid body dynamics are used to determine the reaction forces at the hinge. The

dynamic model is derived using the Newton-Euler method for the �ve coupled rigid bodies and

14



used to determine the minimum collective thrust that must be provided to ensure the arms stay in

the quadrotor position. In [43], the lift generated by folding winglets produces a torque about the

joint axis that the servo motors must be able to counteract to actively maintain the wing angle,

so the Vortex Lattice Method of 3D �uid dynamics is used to determine the aerodynamic loads on

each wing section. In [12], a quadrotor passively switches between tilted and un-tilted propeller

con�gurations. Both the dynamics of the system and the aerodynamics are considered to determine

the bounds on the propeller thrust and the desired tilt angle.

Not all papers document their actuator selection or characterize the force requirements [44, 45, 46].

In this case, it is possible that a rigorous method was followed, but it also possible that a trial and

error approach was taken and the selected actuators are found su�cient for the directly actuated

methods. Thus, it is possible that the actuators used may be stronger (and also heavier) than

necessary.

Analytical models and dynamics simulators can allow design optimization to be conducted prior

to construction of the physical prototype. However, the use of compliant structures, materials

with nonlinear properties, or complicated structures can make accurate models di�cult to achieve.

Thus, designs with these features may be more likely to use experimental methods to characterize

the systems.

For all of the above systems, the passive degree of freedom is either directly actuated [37, 44], is

actuated through contact [25], or has actuators arranged such that they can create a torque about

the passive degree of freedom [11, 12]. In contrast, the vehicle that we develop in Chapter 5,

Chapter 6, and Chapter 7 neither has contact, direct actuation, or actuators that can create a

torque about a rotation axis. Instead, the design we propose leverages the �ctitious inertial force

to cause snap-through of a bistable structure. This means that accurate characterization of the

bistable structure and modeling of the system dynamics will be important, but the exact actuation

force requirement is unclear because the system relies heavily on the interia.
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2.2.1. Actuation Force for Bistable Structures

For direct actuation methods, the force necessary to cause snap-through can be determined by using

the static force requirements of the bistable structure and accounting for the linkages and other

components interacting with the structure. The force required to statically cause snap-through for

bistable structures has been studied for diverse bistable morphologies, including kirigami units [47]

and origami [48]. However, the most common embodiment of a bistable structure is that of a buckled

beam, due to the relative simplicity of both the modelling and fabrication of the system. The force

required to cause snap-through in buckled beams has been studied using analytical methods [31, 49],

numerical methods [31, 50], and experimental measurement [49, 51]. While most studies considered

purely static scenarios, [52] investigated the dynamics of snap-through in buckled beams, considering

the inertial e�ects of the beam itself. They found that the behavior near the unstable equilibrium

causes the snapping speed to be slower than expected. However, even in studying the dynamics, the

initial displacement of the beam was directly applied by an indenter, and not by using accelerations

of the base of the mechanism.

When the method of actuation relies on accelerations and system inertia, the magnitude of force nec-

essary is unclear. Accelerations have only recently been used for morphology change in robotics [24],

but a similar approach of using vibrations as a method of actuating bistable structures in non-

robotics applications has been investigated for over a decade.

Bistable metamaterials have been used as vibration isolators to protect a given object from vi-

brations [53]. Alternatively, energy harvesting methods use vibrational inputs to a base to cause

interwell oscillations of a bistable structure, leading to higher electrical output than linear oscilla-

tors [54]. Experiments with bistable beams on a shaker table showed that accelerations to cause

snap-through must be �large enough,� but do not provide clear guidance on how to determine the

magnitude of acceleration that is su�cient [55].

For morphology change using a bistable structure, the goal is controlled snap-through, rather than

periodic oscillation, between equilibria. For transformation of an origami vertex, [24] found that
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the kinetic energy of the facets above the vertex must exceed the potential energy barrier of the

vertex. However, this makes the implicit assumption that all kinetic energy is instantaneously

transformed into elastic potential energy due to high force capabilities and minimal damping [56].

The comparison of kinetic energy of the system to the potential energy of the bistable structure is

similar to the approach taken in the study of wave propagation through bistable lattices, which use

direct impact with the �rst unit to initiate a wave [57, 58]. However, in the case of mobile robots,

the magnitude of accelerations that can be applied is subject to actuator force limits, meaning that

the instantaneous transfer of kinetic energy into potential energy is not feasible without crashing

the robot. This motivates our work in Chapter 8 that investigates using bifurcation diagrams as an

analysis tool for dynamic actuation of bistable structures. The advantage of bifurcation diagrams

is that they may be obtained algebraically from �nding the equilibrium points of the di�erential

equation, rather than requiring numerical integration to fully solve the system dynamics [59]. While

bifurcations have been used to analyze bistable structures previously [31], the bifurcation parameter

is typically a geometric parameter in the di�erential equation that governs the beam de�ection.

However, in our study, we vary the input actuation force as a bifurcation parameter in the full

system dynamics. Using bifurcation diagrams as a tool allows the constraint on actuator force that

arises from the dynamics to be analytically included as part of system design.
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CHAPTER 3

The First Passive Bistable Gripper

The work in this chapter is an edited version of the work previously published in [60]: Jessica

McWilliams 2, Yifan Yuan, Jason Friedman, and Cynthia Sung. �Push-on Push-o�: A Compliant

Bistable Gripper with Mechanical Sensing and Actuation.� In 2021IEEE 4th International Con-

ference on Soft Robotics (RoboSoft)pp. 622-629. IEEE, 2021. © 2021 IEEE. Reprinted, with

permission.

I developed the model for the gripper, optimized the structure, and tested the mechanism. I am

grateful for the assistance of Yifan and Jason. Yifan developed the model for the TPU springs and

Jason assisted with modeling and fabrication.

The accompanying video of the bistable gripper is available with [60] or on the Sung Lab YouTube

channel3.

This chapter examines the task of grasping, which is de�ned as reliably switching between an �open�

state that does not hold an object and a �closed� state that holds an object. The state machine that

summarizes the functionality of the resulting passive bistable gripper design is shown in Figure 3.1.

3.1. Introduction

Grasping is a widely studied problem in robotics due to the prevalence of grasping tasks in every-

day life. Robotic manipulators require the ability to pick up and release objects reliably despite

di�erences in object size, weight, geometry, and material properties. A great deal of research has

gone into gripper design, encompassing various materials and actuation strategies [61].

Traditional robotic grippers generally use pneumatic or electric actuation to apply large forces that

tighten two rigid �ngers about a particular object. However, these approaches often require complex

perception and tactile feedback control, for example when manipulating cables [62], which often be-

2Jessica Weakly previously published work using the name Jessica McWilliams
3https://youtu.be/z50dYYzYvls?feature=shared
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Figure 3.1: The state machine for the bistable gripper. The grasping task consists of two modes.
The state machine shows that since the locking is provided by the bistable mechanism, only light
objects can be carried.

comes too slow for real-time application and too expensive for practical and e�cient fabrication [63].

Further challenges in rigid gripper control and design arise when compensating for variation in ob-

ject shape and size, and subsequently applying forces with precise magnitudes that grasp without

permanently damaging the object [64].

In response to these shortcomings, there has recently been a growing interest in minimally actuated

grippers. While many existing hands have large numbers of degrees of freedom (DOF), it has been

shown that in actuality, only a few actuated DOFs are necessary to perform a successful and robust

grasp [65]. In certain cases the number of actuators and thus degree of underactuation has been

varied while still achieving desired performance [66]. A recent zero-DOF example leverages the

inertia of the object for passive dynamic grasping without any actuators, sensors, or moving parts

in the end-e�ector [67].

Soft robotic grippers in particular have greatly advanced the �eld, by reducing the gripper weight [68],

cost, and actuation requirements, as well as contributing high robustness and conformity to vari-

ance in object geometry [61, 69]. Examples such as [70, 71] demonstrate that a soft material and

vacuum pump are su�cient for a force closure grasp via particle jamming without any additional

perception required. Bio-inspired soft gripper designs draw inspiration from the sti�ness-variable
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Figure 3.2: [Top] Visualization showing a side view of the gripper at critical points. The solid
and dashed horizontal lines indicate the the ground and object height for each case respectively,
and the arrows indicate snap-through between states. [Bottom] Applied force versus� 1 for both
opening and closing procedures for the optimized version of the gripper, plotted after a median
�lter. In each case, the location of applied forceyA follows a constant velocity trajectory toward
the ground. Arrows indicate the direction in which time advances for each curve. Critical points for
the optimization include: the initial equilibrium con�guration (1), applied force requirement (2),
unstable equilibrium at which snap-through occurs (3), and maximum force (4). The discontinuities
at (2c) and (1o) correspond to contact events between the tips and the ground. Due to geometric
constraints from contact with the ground and object, each curve on this plot only shows one stable
equilibrium; however, snap-through to the other state will occur as long as the force at (4) is positive.
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multi-�ngered human hand [72, 73], the wrap-around style of elephant trunks [61], the high friction

overhead enclosure of star�sh [74], and the layered beams of alternating material in Fin Rays [75].

In particular, bistability has been demonstrated to increase grasp forces and speeds while enabling

passive grasping without actuators. Bistable grippers demonstrate grasping driven by storage of

spring-like energy, using pneumatic actuation inspired by biological systems such as the Venus

�ytrap [76], or alternatively, passive grasping which facilitates actuation �exibility and strain energy

tuning [77] and results in fast grasping speeds [7]. Similarly, mechanisms inspired by buckling beam

theory [22, 78] and bistable origami mechanisms [21, 79, 80] have been able to demonstrate minimally

actuated grasping of a wide array of objects.

Despite the versatility of these grippers, however, ungrasping an object remains a challenge for

them. As a result, for most robotic manipulators, binary actuation is required in the form of

SMA [81], pneumatics [82], or magnets [83] to release the object. The work in this thesis will detail

the development of the �rst completely passive bistable gripper that is capable of both grasping

and releasing without external actuators.

This chapter will examine the static task of grasping an object passively by leveraging a bistable

structure. The design is inspired by mechanisms such as [84] and [85], which provide push-on

push-o� switches, potentially opening the way for completely unactuated grasping and releasing of

objects. Grippers using push-on push-o� designs would reduce the amount of actuation, weight, and

control needed for a gripper, enabling use in applications such as aerial vehicles, where minimizing

weight has a large e�ect on vehicle performance [86].

In this chapter, we develop a novel grasping mechanism that achieves �sensing� and �actuation� by

leveraging a compliant bistable mechanism. The bistable gripper does not require any electrical

components, which allows it to be easily mounted to various robotic systems. Furthermore, the

external forces required for closing on the object and opening to release the object are similar. Both

require the manipulator to push the gripper in the direction of the object. Changes in boundary

conditions enable the same applied force to result in bidirectional state-switching.
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Table 3.1: Gripper Variables

Design Variables [*= optimized, ** = function of other variables]
L 0;0 Resting length of linear spring
R Radius of the ring**
L 1 Length of Link 1 (from A to B )*
L 2 Length of Link 2 (from B to C)**
� 1;0 Rest angle of Link 1*
� 2;0 Rest angle (of spring) between Links 1 and 2
� 2;m Angle of mechanical stop activation*
k1 Linear spring constant*
k2 Torsional spring constant
p A to E distance along Link 1, normalized byL 1*
dx ; dy Distance from A to D **
s Distance from B to where F contacts Link 2
State Variablesq
� 1 Angle of Link 1 from horizontal
� 2 Angle between Links 1 and 2
yA Height of the ring above the ground

The chapter is organized as follows: Section 3.2 details the dynamic model of our gripper and outlines

design parameters that a�ect its performance. Section 3.3 outlines our approach to optimizing the

gripper design to maximize the versatility of the gripper and its ability to both grasp and release

objects. Section 3.4 describes our fabricated prototype, and Section 3.5 includes evaluations of its

performance. Section 3.6 concludes with discussion.

3.2. Dynamic Modeling

3.2.1. Bistable Gripper Design Overview

We examine a gripper, shown in Figure 3.3, which is able to open and close by leveraging a bistable

structure in place of traditional actuators. The gripper is symmetric about a vertical plane through

its centerline, and each side contains a linear spring, two linkages, and a torsional spring. The

parameters de�ning the design are listed in Table 3.2. A ring of �xed radiusR < L 0;0 forms the

bistable structure by constraining the springs in opposition such that the springs have an equilibrium

angle, � 1;0 relative to horizontal. The remaining components leverage the bistable mechanism to

create a grasping behavior. The gripper requires only that an external force pushes it toward the

object in order for it to close. To open, a force must be applied in the direction of the surface onto
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which we intend to release the object. During the opening procedure, the angle� 2 must change to

allow for snap-through to occur. Therefore, we connect Link 1 and Link 2 with a torsional spring

rather than a �xed connection.

The central bistable structure has two stable equilibria at� 1;0 and � � 1;0 and one unstable equilibrium

at � 1 = 0 (when the springs directly oppose each other). To switch between the two stable equilibria,

a force must be applied at centerO to compress the springs until they pass through the unstable

equilibrium. Once � 1 is past the unstable equilibrium, snap-through occurs and no external force

is required for the rest of the transition. This is due to the springs' elastic potential energy, which

will be released and cause the springs to go to the other equilibrium. In most uses of bistability,

force would be applied at the same location but in the opposite direction to return to the �rst

equilibrium.

In contrast, the gripper mechanism introduced in this paper uses linkages to give the bistable

structure a push-on push-o� behavior. A downward external force is applied to the ring atA both

for closing and opening the gripper, but due to the geometry of the gripper and the changes in contact

forces, the downward force causes the bi-directional switching behavior. Figure 3.2 shows the force

displacement curves for the gripper mechanism, with the force corresponding to the applied force

FA needed at timet in order to track a constant velocity downward trajectory for the ring. Visual

representations of the gripper at the initial equilibrium con�guration (1), required force (2), and

unstable equilibrium (3) key points are also provided, as these are the critical points for designing

the snap-through behavior.

During the closing procedure, the gripper begins in the equilibrium con�guration visualized in

Figure 3.2 by (1c). The manipulator holding the gripper applies the necessary forceFA for point

A (shown in Figure 3.3) to track a trajectory of constant downward velocity. Once point O on

the gripper contacts the object, � 1 approaches zero from the negative side and the springs are

compressed, so for motion to continue the magnitude ofFA must exceed the reaction force of the

springs. At (2c), the magnitude of the applied force hits a maximum. This point tells us that in

order to cause snap-through, the manipulator must be capable of applying a downward force of
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at least FA; 2c. The discontinuity near (2c) indicates that the tips of the gripper have touched the

ground. Depending on the geometry of the gripper, this discontinuity may appear either to the left

or the right of (2c). Further compression of the bistable mechanism leads to the x-intercept (3c),

which is the unstable equilibrium point. The instant that � 1 is nudged to the other side of this point,

snap-through will occur and reversing the trajectory ofA will result in the gripper progressing to

(1o), as indicated by arrows in the top plot of Figure 3.2. If the manipulator continues to follow

the downward trajectory it reaches (4c), at which point it becomes impossible to continue lowering

A because the mechanical stop engages and prevents� 2 from increasing any further. For some

combinations of parameters, there is no unstable equilibrium and the forceFA; 4c is negative. This

would indicate that the gripper cannot snap-through to pick up the object.

During the opening procedure, the gripper begins in the equilibrium con�guration shown at (1o).

Similarly to the closing procedure, the manipulator holding the gripper appliesFA to maintain a

constant downward velocity. From the closed con�guration, the boundary conditions cause opening.

Once the tips of the gripperC contact the ground, � 2 begins to decrease causing� 1 to start moving

toward zero, this time approaching from the positive side. The minimum ofFA is at (2o), which gives

the required downward force to cause snap-through. The unstable equilibrium for opening is at (3o),

which is always located at� 1;3o < 0 due to the resistance from the torsional spring. If displacement

of A continues downward slightly from (3o), then snap-through will occur and reversing the motion

of A will result in separation of the tips, releasing the object.

3.2.2. Equations of Motion

The Euler-Lagrange method is used to derive the dynamics of the system. The state variables

q = [ � 1; � 2; yA ] are chosen to de�ne the system, and we assume that the links are rectangular bodies

with uniform mass distribution and point O is a point mass. The potential energy (3.1) and kinetic

energy (3.2) are computed

V =
1
2

k1

�
L 0 �

R
cos(� 1)

� 2

+
1
2

k2(� 2 � � 2;0)2 + g(m1y1 + m2y2 + mA yA + msys + m0y0) (3.1)

24



Figure 3.3: Coordinate frames for the symmetric bistable gripper in the open state. The darker
grey represents the mechanical stop linkage, discussed in Section 3.2.4. External forces are shown
in red on the left half of the gripper, while design parameters are shown on the right half in blue.
Points at A and D are �xed relative to one another on the ring (dark line)
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and then the Euler-Lagrange formula is applied. The result is rearranged into the matrix form of

the manipulator equations:

M •q + C _q + N = J T � (3.3)

3.2.3. Hybrid Dynamic Model

To obtain the constraint forces � = [ Fc;y; Fc;x ; FA ; FN ]T on the right hand side of the manipulator

equation given by (3.3), we assume that the sequence of contact events is known and develop gap

functions � to behave as guards for the hybrid dynamic system. When� i 6= 0 , the constraint

should not be active and we set its corresponding constraint force� i = 0 during the integration of
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the dynamics. When� i = 0 , the constraint is active and � i may have a nonzero value.

In the closing procedure, the gripper follows the contact sequence:O to object, C to ground,

mechanical stopF to Link 2. For opening, the gripper just contacts the ground and then the ring

A continues descending. Each time a contact is added, a constraint at that contact to prevent

penetration is activated.

When there is contact with the ground, a kinematic loop is formed between pointsA, B , and C.

The y-displacement when traversing the loops must be zero, which yields the following constraint

equation:

� 1 = yA � L 1 sin(� 1) � L 2 sin(� 2 � � 1) (3.4)

Similarly, the x displacement should match the ring radius when the tips of the gripper touch each

other in the closed state.

� 2 = R � L 1 cos(� 1) � L 2 cos(� 2 � � 1) (3.5)

The downward trajectory yA;des is tracked using displacement control in the dynamic model to

simulate the motion of a manipulator. The manipulator attaches to the ring and directly controls

the position of A

� 3 = yA � yA;des (3.6)

We also derive the distance between the mechanical stop and Link 2, but due to its complexity and

minimal apparent e�ect we omit it. Finally, the contact with the object creates a trigonometric

relationship between the ring height and the angle of the bistable mechanism.

� 4 = yA + R tan( � 1) � Hobj (3.7)

Following the procedure laid out in [87], we take the Jacobian of each constraint with respect to the

chosen minimal coordinatesq = [ � 1; � 2; yA ]T and stack them vertically to obtain J = @�=@qin (3.3).

Finally, we use the Baumgarte stabilization technique to analytically approximate the constraint
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forces using

� = � (JM � 1J T )+ (JM � 1� + ( _J + 2 �J ) _q + � 2� ) (3.8)

where + indicates the Moore-Penrose pseudo-inverse of a matrix. We choose the regularization

parameter � to be 1,000 for all constraints, except for the ground penetration constraint which we

set to 10,000. Since our system does not have actuators,� = 0 . The use of Baumgarte stabilization

technique allows us to solve what would be a di�erential algebraic equation as an ordinary di�erential

equation, which we solve using MATLAB's ode45 with events to handle the addition and removal

of constraints.

3.2.4. Mechanical Stop

Initial analysis of the gripper mechanism revealed that with a �xed angle mechanical stop, it is

geometrically infeasible to �nd a straight-linked gripper which can fully enclose a cubic or spherical

object that is su�ciently large to cause snap-through. This is because snap-through in each direction

requires the ring to be displaced untilyA (t) � ycrit . When closing, contact with the ground at C of

Link 2 places a lower bound onyA (t), which implies that an object must be su�ciently tall Hmin

to cause snap-through. SinceO moves inside the gripper while opening, there is a maximum height

object Hmax which can be enclosed. Our analysis showed that for a closure grasp of a spherical

object, Hmin > H max and there is no feasible object height when there is a �xed mechanical stop.

To reduce Hmin such that Hmin � Hmax , we designed a mechanical stop which will only constrain

� 2 when the gripper is closed. Inspired by [29], we �rst focused on the functionality of the bistable

mechanism and then iterated over how to add the mechanical stop in a way that enhances the

system's performance. We designed a moving mechanical stop that is inspired by an angle doubling

drive. It consists of a driving link and a slotted link as shown in Figure 3.3. The driving link in

our system (Link 1) rotates about A, which is �xed to the ring, and has a peg located atE , which

is p away from A. The slotted link is our mechanical stop, and it is constrained to rotate aboutD

on the ring, which is o�set from A by (dx ; dy). The slot on the mechanical stop is constrained to

the peg at E . The result is that the slotted mechanical stop exhibits a larger angular displacement

than the driving link, as seen in Figure 3.2 and Figure 3.4. While the mechanical stop operates
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in a plane o�set from that of Link 1, point F is extruded to allow the mechanical stop to contact

Link 2. Thus, the mechanical stop engages and constrains� 2 when the gripper is closed, but it

rotates far away from Link 2 when the gripper is open so thatyA can get low enough to pick up

smaller objects.

The mechanical stop design requires the placement of three colinear points:E on Link 1, D on the

ring, and F on the mechanical stop which de�nes the length of the mechanical stopL ms . Due to

fabrication constraints, we require that when the mechanical stop is engaged,F contacts Link 2 at

a distance ofs = 25 mm away from joint B . The corresponding optimization parameter is� 2;m , the

angle of the second link when the mechanical stop is engaged.

Optimization parameter p expresses the distance ofE from A normalized by L 1, and determines the

point along which the mechanical stop slides. Finally, the point of rotation for the stop is computed

using the co-linearity of the three points. For fabricability, we require that the position of D is at

least 14 mm away fromA to prevent interference between the fasteners. If it is too close, we move

E away from A incrementally until a feasible solution is found or deemed non-existent.

3.3. Optimization

3.3.1. Grid Search Across Parameters

We select an optimal gripper using a grid search. Due to the high dimensionality of the design space,

we �rst run Principal Component Analysis (PCA) on a smaller, sparsely-discretized dataset to

determine which variables have the greatest e�ect on the critical points from the simulation marked

in Figure 3.2. The PCA determined that the grid search should have the highest resolution onL 1

and � 1;0. We optimize over the parametersk1; L 1; � 1;0; � 2;m , and p described in Table 3.1. Resting

length L 0;0 is �xed to prevent arbitrary scaling of the gripper and s is �xed due to fabrication

constraints. The remaining dimensions are uniquely determined by the other variables. Radius

R = L 0;0 cos(� 1;0) by de�nition. We constrain the tips at C to meet when the gripper is closed

without causing deformation of the bistable mechanism using the following relationship:

L 2 = ( L 1 + L 0;0 cos(� 1;0))=cos(� 2;m � � 1;0) (3.9)
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