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ABSTRACT 

 This paper presents designs for Multistable Shape-Shifting Surfaces (MSSS) by 

introducing bistability into the Shape-Shifting Surface (SSS). SSSs are defined as 

surfaces that retain their effectiveness as a physical barrier while undergoing changes in 

shape. The addition of bistability to the SSS gives the surface multiple distinct positions 

in which it remains when shifted to, i.e. by designing bistability into a single SSS link, 

the SSS unit cell can change into multiple shapes, and stabilize within the resulting shape, 

while maintaining integrity against various forms of external assaults normal to its 

surface. Planar stable configurations of the unit cell include, expanded, compressed, 

sheared, half-compressed, and partially-compressed, resulting in the planar shapes of a 

large square, small square, rhombus, rectangle, and trapezoid respectively. Tiling 

methods were introduced which gave the ability to produce out-of-plane assemblies using 

planar MSSS unit cells. A five-walled rigid storage container prototype was produced 

that allowed for numerous stable positions and volumes. Applications for MSSSs can 

include size-changing vehicle beds, expandable laptop screens, deformable walls, and 

volume-changing rigid-storage containers. Analysis of the MSSS was done using pseudo-

rigid-Body Models (PRBMs) and Finite Element Analysis (FEA) which ensured bistable 

characteristics before prototypes were fabricated.  
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1 CHAPTER 1: INTRODUCTION 

1.1  Objective 

The objective of this paper is to describe designs of Multistable Shape-Shifting 

Surfaces (MSSSs) [1]. A Shape-Shifting Surface (SSS) is defined as a surface that can 

change its shape while retaining its integrity as a physical barrier. Shape changes include 

expanding, shrinking, shearing, twisting, and encircling. The addition of bistability to the 

individual SSS links gives the surface multiple distinct positions in which it remains 

when shifted to, i.e. by designing bistability into a single SSS link, the SSS unit cell can 

change into multiple shapes, and stabilize within the resulting shape, while maintaining 

integrity against various forms of external assaults normal to its surface. 

1.2 Motivation 

A surface is defined as a material layer constituting a boundary. Examples of 

surfaces are walls, ceilings, doors, tables, armor, and vehicle bodies [1]. In some cases, it 

may be valuable for these surfaces to change shape while maintaining rigidity in the 

direction normal to the surface. In addition, having surfaces able to change between 

multiple distinct shapes and sizes on demand may add value. One valuable application of 

size-changing surfaces may apply to rigid storage containers, such as: 

 milk crates  

 trash barrels  

 dumpsters  

 laundry baskets  

 suit cases  
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 truck beds  

 freight trains  

Such containers are designed for large, heavy volumes, however, when not in use, they 

may become cumbersome. Thus, containers capable of transitioning between large 

volumes when in use and small volumes when empty are of value. For example, truck 

beds could start off at a normal size, and have the capability to expand to twice the 

volume by pulling on the bed. Other applications of a deformable surface with multiple 

stable positions may appeal to the communication business. Take for instance, a cell 

phone that initially has a pocket-sized screen. With the push of a link, the screen could 

expand to a laptop sized display, giving better visibility when space permits. Another 

advantage of having a Shape-Shifting Surface with multiple stable positions is the ability 

to absorb energy. Because work is done to change the shape of the surface from one 

position to the other, external kinetic energy can be absorbed, and stored internally as 

potential energy within compliant links. Usually, impact absorbers require permanent 

deformation to absorb energy or shock. Allowing surfaces to absorb impacts by 

transitioning to a second stable position could save time and money in repair as they can 

be „fixed‟ or returned to their initial state by transitioning the unharmed surface back to 

its first stable shape. The surface is essentially unharmed due to the mechanisms ability to 

re-direct the energy through elastic body movement. 

1.3 Scope 

The scope of this paper is to describe design iterations on how the compliant 

section of the Shape-Shifting Surface link may be bistable, i.e. each SSS link is designed 

to have two stable positions; this results in an SSS unit cell that contains multiple stable 

positions due to the SSSs unique tiling system and degrees of freedom. Prototypes, 
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pseudo-rigid-body models, and finite element analysis (FEA) provide proof-of-concept. 

Prototypes were developed further in order to suggest commercial applications. Tiling of 

unit cells is considered within the design, in chapters 5 and 6, to allow three-dimensional 

assemblies of the MSSS. 

1.4 Background  

The Shape-Shifting Surface is an innovative concept that uses compliant 

mechanisms to achieve its motion.  Research has been done on compliant mechanisms 

and on bistability, and is described in the following section. 

1.4.1 Compliant Mechanisms 

 A compliant mechanism is defined as a flexible member that transfers an input 

force or displacement from one point to another through elastic body deformation [2]. 

Examples of compliant mechanisms are nail clippers, paper clips, diving boards and 

bows. The advantages of compliant mechanisms are considered in two categories [2]:  

1) “Cost reduction: 

 Part-count reduction 

 Reduced assembly time 

 Simplified manufacturing process 

2) Increase performance 

 Increased precision 

 Increased reliability 

 Reduced wear 

 Reduced weight 

 Reduced maintenance” [2] 

There are two types of compliant mechanisms. The first is called fully compliant 

mechanisms. These mechanisms have no joints, and therefore no links. They use only the 

deflection of compliant members to obtain their motion. The second type is called 
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partially compliant mechanisms. These may contain one or more kinematic pairs, such as 

pins or sliders within the compliant portions.  

Links can be compliant; a link is defined as a continuum of matter connecting one 

or more kinematic pairs [2]. A two-pin link may either be a binary link, which is a rigid 

link with no movement between two pins, or a structurally binary link, which is a 

compliant, or flexible link with two pin joints. When a structurally binary link is loaded 

only at its joints, it is said to be functionally binary.  The SSS is composed of partially 

compliant links that are functionally binary.  

1.4.2 Compliant Mechanisms in MEMS 

  Compliant mechanisms are well known in Microelectromechanical systems 

(MEMS). MEMS devices use mechanical and electrical components on the micrometer 

and millimeter scale. MEMS are fabricated using planar layers of material. Assembly of 

MEMS at the micro scale tends to be difficult. Compliant mechanisms offer solutions to 

this problem as they are easy to assemble and do not require many parts. Shape shifting 

surfaces are similar to the production of compliant MEMS in that they can be easily built 

using planar fabrication. Planar layers overlap and are attached with pins. Three-

dimensional configurations of the SSS are possible using similar techniques. 

1.4.3 Pseudo-Rigid-Body Replacement Method (PRBM) 

Methods for predicting the behavior of compliant mechanisms can be complex. 

Because compliant mechanisms experience large, non-linear deformations, small-

deflection force-deflection equations cannot be used. Elliptic integrals and topology 

optimization are sometimes used. However, these require intense calculation and time. 
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Therefore, a popular method of compliant mechanism analysis (used on the SSS) is using 

pseudo-rigid-body models [2]. Pseudo-Rigid-Body models offer a simplified technique 

for determining the motion of mechanisms undergoing large, nonlinear deflections. The 

compliant mechanism is analyzed as a rigid-body mechanism with equivalent force-

deflection characteristics. To achieve this, joints, whose locations are determined by the 

pseudo-rigid-body model, are placed within a skeletal model to represent the kinematics 

of the compliant mechanism. Torsional springs are then added to these joints to mimic 

the stiffness of the flexible members in the compliant mechanism. The spring constant at 

each joint is determined by the geometry and material property of the compliant segment 

[3]. Flexible segments can include, but are not limited to [2]: 

 Small-length flexural pivots (living hinges) 

 Cantilever beam with force at free end 

 Fixed guided  

 End-moment loaded cantilever  

 Initially curved cantilever 

 Pinned-pinned segment [2] 

The location of the pin‟s torsional spring is different for each geometry type and loading 

case, and is determined using the pseudo-rigid-body models. Each compliant segment can 

be modeled as a portion of a rigid-link mechanism and analyzed using rigid-link 

mechanism theory. “In this way, the pseudo-rigid-body model is a bridge that connects 

rigid-body mechanism theory and compliant mechanism theory” [2].  

 A flexible segment that was extensively used in this research is the small-length 

flexural pivot, or living hinge. This flexible segment is a thin, short-length compliant 

section that can be modeled as a kinematic pin. Because this segment is thin, it can be 

assumed to have minimal resistance, therefore, minimal stress [2].  
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1.4.4 Special-Purpose Mechanisms 

Because compliant mechanisms have excellent energy absorption capabilities 

from their deflections, they are useful in a wide range of applications. Three specific 

special-purpose mechanisms that are used in compliant mechanisms are constant-force 

mechanisms, parallel-guiding mechanisms, and bistable mechanisms. There are many 

more types of special-purpose mechanisms, however, these three are discussed because 

of their possible applications to the SSS. Constant-force mechanisms and parallel-guiding 

mechanisms are briefly discussed in this section while bistable mechanisms are more 

extensively discussed in the following section. 

1.4.4.1 Constant-Force Mechanisms 

A constant-force mechanism maintains a constant reaction force to an applied 

load throughout its entire motion. Designs for rigid-link constant-force mechanisms [4-6] 

have been developed.  Constant-force springs [7] have also been studied, and produce a 

constant force as they are extended. Recently, compliance has been incorporated into 

constant-force mechanisms [8-10]. Future work on SSS design can incorporate a 

constant-force mechanism within the compliant section to allow for a flat, linear reaction 

force as the SSS is deformed into its many possible shapes. Applications can range from 

statically balanced to gravity compensating SSSs.  

1.4.4.2 Parallel Mechanisms 

Parallel-guided mechanisms contain two opposing links that stay parallel through 

their entire motion. Examples of parallel-guided mechanisms are tackle boxes, desktop 

lamps, and playground swings. Compliant parallel-guiding mechanisms are designed to 

retain all the advantages associated with compliant mechanisms, including the 
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elimination of joint friction, backlash, and the need for lubrication, in addition to a 

reduction in part count, weight, and assembly time [2]. Another key feature of parallel 

mechanisms is their ability to produce pure planar translation. Compliant parallel 

mechanisms could be used within the SSS to reduce the effect of planar rotation of nodes. 

1.4.5 Bistable Mechanisms 

A bistable mechanism is defined as a mechanism with two stable equilibrium 

positions separated by a peak in energy. Examples of bistable mechanisms include light 

switches, self-closing gates, cabinet hinges, and three-ring binders.  

1.4.5.1 Definition of Stability  

A system is in a state of equilibrium when it is experiencing no acceleration [2]. 

This can either be a stable equilibrium, or unstable equilibrium. When in stable 

equilibrium, any small external disturbances will cause the system to oscillate about its 

equilibrium. When in unstable equilibrium, any small external disturbance will cause it to 

diverge from its initial equilibrium state to another. Figure 1.1 illustrates the “ball-on-the-

 

Figure 1.1: Ball on a hill analogy. 
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hill” analogy of bistability, where the Y-axis represents potential energy (gravity), and 

the X-axis represents position. Position 1 and 4 are stable equilibrium positions. This 

means that even if the ball is shifted from these positions by a small amount, it will return 

to the same position, or oscillate around it. Position 2 is an unstable equilibrium position. 

Though the ball can rest in this position, it will return to one of its stable equilibrium 

positions (1 or 4) when shifted by any small amount. Position 3 is classified as a “hard-

stop”. This is also a stable equilibrium position, however, is only so, due to an external 

reaction force holding it in place. These key bistable mechanism characteristics may be 

summarized with the following statements [11]: 

 “A mechanism will have a stable equilibrium position when the first 

derivative of the potential energy curve is zero and the second derivative of 

the potential energy curve is positive.”  

 “A mechanism will have an unstable equilibrium position when the first 

derivative of the potential energy curve is zero and the second derivative of 

the potential energy curve is negative.” 

 “A mechanism will have a neutrally stable equilibrium position when the first 

derivative of the potential energy curve is zero and the second derivative of 

the potential energy curve is also zero.” 

 “Because two local minima must always contain one local maximum between 

them, an unstable or neutrally stable position will always occur between any 

two stable states.” 

 “The critical moment (the maximum load required for the mechanism to 

change stable states) may be found by evaluating the moment curve when the 

second derivative of potential energy is zero. 

 “The stiffness of a stable equilibrium position is equal to the value of the 

second derivative of potential energy at that position.”  [11] 

 

1.4.5.2 Multistable Mechanisms 

Extensive studies have been done on bistable mechanisms with two stable 

configurations; see citations [3, 11, 12]. Studies have also been done on multistable 

compliant mechanisms which gives three stable equilibrium positions by using a 

combination of bistable mechanisms [13]. The research presented in this paper is similar 
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in that it uses a combination of bistable links to achieve a Multistable-Shape-Shifting 

Surface (MSSS). The unique tiling scheme of the SSS is what provides the possibility of 

multistability using bistable mechanisms. 

1.4.5.3 Bistability in Compliant Mechanisms 

Compliant mechanisms are specifically practical in bistability because they have 

the ability to store energy within their members [2]. This is an efficient method to achieve 

bistability because the mechanism can be made from one piece without the need to add 

springs for energy storage.  

Using the pseudo-rigid-body model, the potential energy equation for a compliant 

mechanism is found. For a small-length flexural pivot or a fixed-pinned segment, the 

potential energy V stored in the segment is [2]  

   
 

 
    (1) 

where V is the potential energy, K is the torsional spring constant, and   is the pseudo-

rigid-body angle. The torsional spring constant is found using the pseudo-rigid-body 

model.  

1.4.5.4 Bistability in Four-Bar Mechanisms 

Figure 1.2 shows a general four-bar mechanism. This four-bar may either be 

classified as a Grashof or non-Grashof mechanism. A Grashof four-bar allows the 

shortest link to rotate through a full revolution. A non-Grashof four-bar does not allow 

any link to rotate a full revolution. Labeling the four-bar correctly is important in  
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determining the location of the springs that cause bistable behavior. The Grashofs 

criterion is stated mathematically as [2] 

                  Grashof (2) 

where   is the length of the shortest link,   is the length of the longest link, and   and   

are the lengths of the intermediate links. Examples of Grashof mechanisms are crank 

rockers, double cranks, and double rockers. The mathematical model of a non-Grashof is 

as follows [2] 

 

 

Figure 1.2: Four-Bar pseudo-rigid-body model with torsional springs [2]. 

 

                         non-Grashof (3) 
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A change-point mechanism occurs when the sum of the lengths of the longest and 

shortest links is equal to the sum of the lengths of the other two links, or [2] 

                       change-point     (4) 

 Knowing the four-bar‟s classification is important in determining how to make the 

mechanism bistable. The following theorems apply for a pseudo-rigid-body four-bar 

mechanism to determine bistability: 

 “Theorem 1. A compliant mechanism whose pseudo-rigid-body model 

behaves like a Grashof four-link mechanism with a torsional spring placed at 

one joint will be bistable if and only if the torsional spring is located opposite 

the shortest link and the spring‟s undeflected state does not correspond to a 

mechanism position in which the shortest link and the other link opposite the 

spring are collinear.” 

 “Theorem 2. A compliant mechanism whose pseudo-rigid-body model 

behaves like a non-Grashof four-link mechanism with a torsional spring at any 

one joint will be bistable if and only if the spring‟s undeflected state does not 

correspond to a mechanism position in which the two links opposite the spring 

are collinear.” 

 “Theorem 3. A compliant mechanism whose pseudo-rigid-body model 

behaves like a change-point four-link mechanism with a torsional spring 

placed at any one joint will be bistable if and only if the spring‟s undeflected 

state does not correspond to a mechanism position in which the two links 

opposite the spring are collinear.” [14] 

Once the four-bar is properly classified and a bistable design is chosen, virtual work can 

be used to predict the force characteristic of the mechanism. 

1.4.6 Bistability Using Virtual Work 

The principle of virtual work says that the net virtual work of all active forces is 

zero if the system is in equilibrium i.e. due to conservation of energy, the total net virtual 

work on a system is zero [15]. The principle of virtual work can be used to find the 

values of reaction forces or moments caused by a given displacement [16]. Considering 
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the four-bar linkage system shown in Figure 1.2, the total virtual work of the system can 

be expressed as [2] 

 

 

 

   ∑ ⃑    ⃑ 

 

   

 ∑ ⃑⃑⃑    ⃑ 

 

   

 ∑ ⃑⃑    ⃑⃑⃑⃑   

 

   

 (5) 

where  ⃑  is the force applied to link  , which is expressed as 

  ⃑     ̂     ̂ (6) 

where    is the force in the X-direction and    is the force in the Y-direction. 

 ⃑⃑⃑ , in equation (5) is the moment applied to link  , and  ⃑⃑  is the moment at characteristic 

pivot  . Take for instance the Z2 vector shown in Figure 1.2 

  ⃑                    ̂                    ̂ (7) 

 The differential or virtual displacement from equation (5) is then expressed as 

   ⃑                        ̂                       ̂ (8) 

The potential energy, due to the torsional springs for the four-bar shown in Figure 1.2 is 

   
 

 
     

      
      

      
   (9) 

where  

           (10) 

                    (11) 

                    (12) 
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           (13) 

where the “o” subscript indicates the initial un-deflected value of the angle.  

In addition, the torque from the torsional springs,   , is found using 

          (14) 

The final total virtual work for the four-bar is found using the following equations [2]:  

                     (15) 

where 

 

                        

                       

          

(16) 

 

                   

                        

    

(17) 

 

                   

                        

    

(18) 

where, Xi, and Yi are the forces acting in the x and y direction respectively. Mi is the 

moment acting on the coupler links and Ti is the torque due to the deflection of the 

torsional spring for each joint.  



14 

 

1.4.7 The SSS 

The Shape-Shifting Surface (SSS) is an innovative concept in which tiled arrays 

of overlapping surfaces undergo relative displacement, changing the overall shape of the 

mechanism. This is done by layering eight compliant, pin-pinned links, connected at their 

pins, in a way to form a closed square unit cell. These links consists of two parts, a 

compliant portion and a shield portion. The compliant portion gives the link mobility, 

while the shield portion gives the unit cell its effectiveness as a barrier. 

1.4.7.1 Kinematic Structure of the SSS 

Because the SSS is designed to cover a plane, its shape is chosen to tile a plane, 

e.g. squares on a checkerboard. Therefore, each square has a particular structure that 

enables it to move and maintain its integrity.  

Each square unit cell has four, straight sides with four nodes, represented by 

Figure 1.3a).  In order to achieve the SSSs relative displacement, each side link of the 

unit cell is modeled with a kinematic slider, as shown in Figure 1.3b). Two overlapping 

links form each side and produce this kinematic slider; this gives the unit cell a total of 

a) b) 

Figure 1.3: Part a) shows the SSS unit cell with four nodes while part b) shows the eight-

link kinematic skeleton with the same number of nodes. [1]. 

1 2

3 

4 

5 6 

7 

8 
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eight links.  In order to maintain the square shape of the unit cell, these overlapping 

sliders must undergo linear deflections along the line of action connecting nodes. 

Therefore, four sets of two coupled sliders are formed together to produce the sides of 

unit cell. This provides the SSS unit cell with a total of five degrees of freedom, i.e. each 

of the four sides of the square can move independently, plus an additional shear 

movement from the four pinned links. 

1.4.7.2 SSS Shield Portion 

“The SSS has a unique tiling system that maintains surface integrity under 

numerous conditions including: uniform and non-uniform compression, expansion, and 

shear” [1]. This means that the unit cell serves as a line-of-sight barrier to assaults normal 

to the surface as it experiences these movements. This is done by overlapping sliding and 

rotating layers so that the unit cell can experience changes in area coverage in all three 

modes of deformation (compression, expansion, and shear) without compromising the 

line-of-sight coverage. In order to have this un-broken area coverage in both compression 

and expansion, the unit cell is divided into thirds so that the initial position is halfway 

between complete overlap and no overlap. This provides equal stress in tension and 

compression when expanded and compressed. Figure 1.4 demonstrates this theory using  

a)  b)  c)  

Figure 1.4: Part a) shows minimum area coverage; part b) shows maximum area coverage; 

part c) shows its initial position with one-third overlapping area coverage [1]. 
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square coverage. Figure 1.4a) shows the minimum area coverage when the squares are 

coincident. Figure 1.4b) shows the maximum area coverage when the layers are adjacent. 

Figure 1.4c) shows the initial half-way position with a 1/3 overlapping area coverage 

allowing a 1/3
rd

 movement in each direction. Similarly for angles, the 1/3
rd

 overlap is the 

mean between complete overlap and no overlap. Thus, the right angle of the square 

shown in Figure 1.5 is divided into thirds where the initial angular coverage is 30 

degrees. This allows 30-degree relative rotation in both directions (counterclockwise and 

clockwise) while still maintaining the line-of-sight coverage.  

1.4.7.3 SSS Compliant Portion 

The original SSS implements eight identical compliant mechanisms (shown in 

Figure 1.6) to achieve its relative linear displacement between nodes. The pin on the left 

follows the path of the solid black line allowing a straight-line deflection with respect to 

the unit cell‟s nodes. It can be seen that the rigid area-covering portion constitutes two-

thirds of the entire length of the link; a one-third movement is possible in compression 

and expansion before gaps form. In addition, the angle at the node is two-thirds of a right 

angle. This allows a one-third movement in either rotational direction. 

a)  b)  
c)  

Figure 1.5: Part a) shows the minimum area coverage with the smallest angle; part b) shows 

the maximum area coverage with the largest angle; part c) shows the initial angular position 

[1]. 
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A total of eight of these compliant links 

overlap and form the unit cell shown in Figure 1.7. 

Figure 1.7a) shows the unit cell in its initial position. 

Figure 1.7b) shows the unit cell shearing. Figure 

1.7c) shows the unit cell in its expanded position. 

Figure 1.7d) shows the unit cell in its compressed 

position. These motions maintain line-of-sight surface 

area coverage throughout their entire motions.  

 

Figure 1.6: One of eight 

identical compliant links that 

makes a square unit cell [1]. 

a) 

 

 

 

 b)        b) 

 

c) 

 

 

 

 

 

   d) 

Figure 1.7: Square SSS polypropylene prototype where part a) is unstressed, part b) is 

sheared, part c) is expanded, and part d) is compressed. 



18 

 

1.5 Thesis Overview 

This section outlines the design process used for the bistable SSS. In chapter 2, a 

bistable SSS link (BSSSL) was designed with a compliant portion which allows motion, 

and a shield portion which provides for surface integrity similar to the SSS link. The 

design presented in this chapter demonstrated the feasibility of the BSSSL. 

In chapter 3, a BSSSL was designed to allow two links to be coupled. The design 

objective was to ensure that the links undergo horizontal motion with respect to each 

other as required for each side of the kinematic model, i.e. each pair of overlapping links 

maintain straight-line deformation with respect to nodes, as shown in Figure 1.8 with 

links 1 and 2 as the coupled overlapping layers.  

 

Figure 1.8: One side of kinematic structure of SSS. 

 

In chapter 4, eight BSSSLs, designed in chapter 3, were put together to form the 

entire MSSS unit cell. Polypropylene prototypes were fabricated to test the behavior of 

the unit cell. Node-link interferences that became apparent from the prototypes were 

analyzed and resolved. New prototypes were fabricated, showing functional MSSS unit 

cells. 

In chapter 5, a BSSSL was designed so that there were no protrusions that could 

interfere with other tiled unit cells. A tiling method of attaching unit cells was achieved 

and shown using prototypes. 

1 2 
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In chapter 6, an additional BSSSL and tiling method was designed which 

permitted rods or electrical cables to pass through the center of a MSSS unit cell without 

interfering the necessary motions for multistability. In chapter 7, future work and 

applications are elaborated. In chapter 8, thesis conclusion summarizes results.  
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movement in both expansion and contraction. Nevertheless, if only resistive expansion 

was desired, this design would offer a solution without linkage protrusion, unlike the 

original SSS that has linkage protrusion in its compressed position.  

5.4 FEA vs. Virtual Work Prediction with Prototype 

Figure 5.7 shows the compressed position of the BSSSL using FEA. It can be 

seen that in the compressed position, the linkages provide shield coverage. However, it 

 

Figure 5.6: Compliant BSSSL. 

 

Figure 5.7: FEA model of compressed BSSSL. 
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It can be seen that in all modes of deflection, there exists no linkage protrusion, 

unlike the designs in previous chapters. All linkages remain within the shield portion 

when compressed. Therefore, tiling is now conceivable and will be exploited. 

 
 

  

Figure 5.11: Polypropylene prototype of MSSS where part a) is the first stable position, 

part b) is its sheared position, part c) is a second stable position, and part d) is a third 

stable position. 

5.5 Tiling Bistable Unit Cells 

A tiling system was developed to achieve out-of-plane shapes with planar MSSS 

unit cells. In order to attach faces of adjacent unit cells, a compliant pin connector was 

a) b) 

c) d) 
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Figure 5.13: Polypropylene prototype of multistable container made with five planar unit 

cells where part a) is fully expanded, part b) is vertically compressed, part c) is 

horizontally compressed in one direction, part d) is horizontally compressed in one 

direction and vertically compressed, part e) is horizontally compressed in both directions, 

and part f) is fully compressed. 

c) 

a) b) 

e) f) 

d) 
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within its members to be used in a specific part of its deflection. Section 5.4 elaborated 

on this unusual force characteristic. Many applications can stem from the mechanical 

advantage and usefulness of this MSSS design.  

7.2.1 Collapsible Truck Bed 

Because the MSSS is capable of resisting normal forces to its face, it could be 

useful in applications where large, heavy loads are contained or carried, i.e. vehicle beds 

in standard pick-up trucks, dump trucks, 18-wheelers, etc. The bed would be composed 

of large square unit cells forming an open container. The vehicle bed could start off 

small, as the stock, storing size of the vehicle bed when not in use. However, when more 

space is permitted, or needed from the bed, a small push of a link from the user would 

allow the bed to double in size. Multiple shapes of the bed would be possible as shown in 

the container prototype shown in Figure 5.13. This would give many options to the user 

such as making the vehicle bed wider, taller, longer, or all of the above. As mentioned, 

the force to expand the bed would be 14% of the force required to collapse the bed down 

to its stock size. This is advantageous is the sense that the cargo held within the bed 

would not collapse the bed down to its original size from its own weight. A mechanism 

could be implemented to acquire mechanical advantage over the MSSS to allow manual 

input using average human force to collapse the bed when needed. This would decrease 

cost and increase reliability without the need of motors or pneumatics that may require 

repair or replacement over time.  

7.2.2 Trash Compactor 

The same theory of using an undistributed force vs. deflection curve can be used 

as a trash compactor. The user could apply a reasonably small force to a trash compactor 
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made up of MSSSs. The compactor could be capable of exerting seven times the force of 

the user over a range six times longer than the initial push. This would also acquire 

impact forces within the compactor depending on the size and fill level.  

7.2.3 Energy Absorption 

Compliant mechanisms have a large use in energy absorption as they can absorb 

energy within their links. Bistable Compliant mechanisms use this stored energy to 

transfer motion to two defined positions. The MSSS includes these qualities, as well as 

the ability to resist forces normal to its face. Therefore, MSSSs could be implemented 

into things such as vehicle bodies, impact safety gear, or damper systems for energy 

absorption, i.e., the MSSS would be useful as a multiple use impact absorber. 

Implementing the MSSS into vehicle bodies would allow the vehicle the ability to absorb 

significant impact energy, without experiencing permanent damage. For example, when a 

vehicle experiences a collision, the frame and body of the vehicle absorb much of the 

impact through permanent deformation within its members. Implementing the MSSS into 

the structure of the vehicle would allow its surfaces to absorb high impacts by 

transitioning to its second stable position and could save time and money in repair as they 

can be „fixed‟ or returned to their initial state by transitioning the unharmed surface back 

to its first stable shape.   

7.2.4 General Storage Containers 

The MSSS can also be designed using a symmetric force vs. deflection curve. 

This way, it can be used in every-day storage containers where having different force 

behaviors within the shape change does not necessarily benefit its function. For instance, 

trash cans, milk crates and cabinets could all be collapsible, so when not in use, do not 
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take up valuable space. In addition, the force characteristics can be designed so that no 

additional mechanical advantage is required to open and close the container; the force of 

a human input would suffice. A prototype of a simple storage container was made and is 

shown in Figure 5.13. This shows some of the different shapes possible with a container 

made of six, five-degrees of freedom MSSS unit cells. 

7.2.5 Box Traps 

The design presented in chapter 6 resulted in an intrinsically curved surface. This 

surface started flat, and using planar deformations, resulted into a three dimensional 

curve. Future work will entail optimizing the out-of-plane motion using these planar 

deformations, to assemble a six-sided collapsible box that initially starts out flat. This box 

can then be used as a safe and harmless animal trap by using planar actuation that would 

not compromise its concealability when lying flat.  
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8 CHAPTER 8: CONCLUSIONS 

Numerous iterative designs for Multistable-Shape-Shifting-Surfaces were 

presented in this paper; some designs may be more advantageous than others depending 

on its application. They used a combination of compliant mechanism theory with the 

concept of bistability and incorporated them into the Shape-Shifting Surface.  

The design presented in chapter 2 established a bistable link which behaved 

similar to a kinematic slider. Rotation was evident throughout the sliding motion, 

producing an arc-like motion during its deflection. This link was not designed to be 

connected to form a unit cell, but performs adequately as a single compliant bistable 

slider with relative rotation.  

The design presented in chapter 3 produced a bistable slider with no relative 

rotation, allowing for the link to be coupled with another overlapping link. The two links 

together formed one side of the kinematic structure of the unit cell defined in chapter 1. It 

also produced effective shield coverage during its relative displacement with the other 

coupled link, allowing close to a 50% reduction in length from pin to pin. Tiling was not 

considered within this design. 

The design presented in chapter 4 manipulated the design produced in chapter 3 to 

allow the assembly of links into a complete unit cell with eight overlapping layers. 

Motions were optimized and interferences were resolved. The unit cell maintained 

complete surface area coverage in all of its stable positions. Stable positions included 

expanded, compressed, sheared, semi-compressed and partially compressed. However, 
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because there was significant linkage protrusion within the unit cell, tiling was not 

feasible as this linkage protrusion would interfere with other unit cells. However, if tiling 

is not desired, the design presented in this chapter provides an effective solution for a 

stand-alone MSSS unit cell. 

The design presented in chapter 5 focused on permitting the tiling of unit cells. 

Therefore, linkage protrusion was eliminated. The design used the compliant portion of 

the BSSSL as shield coverage, allowing all compliant links to be hidden within the unit 

cell when compressed. This design allowed for three-dimensional assemblies using 

planar unit cells. An open container prototype was developed which contained numerous 

stable positions. 

Chapter 6 introduced an additional tiling system that allowed unit cells to be 

connected by a center-node. This allowed stacking of unit cells which provided a design 

and prototype to be developed for an intrinsically curved surface. In addition, it provided 

another way of deforming the unit cell by using an applied input torque to the center 

node.  

Applications for the MSSS can include size-changing vehicle beds, expandable 

laptop screens, deformable walls, and volume-changing rigid-storage containers. Future 

work entails stress reduction, producing more accurate models of joints, as well as impact 

absorption using the bistable characteristics.  
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Appendix A Permissions 

Permission to use Figures 1.2 and 2.1 is shown in Figure A1. 

 
Figure A.1: Permission to use content from John Wiley & Sons, Inc. 

 

 

 


