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The purpose of this research is to evaluate the creasing of non-paper sheet materials, such as plas-
tics and metals, to facilitate origami-based compliant mechanism design. Although it is anticipated that most
origami-based design will result from surrogate folds (indirect methods of replacing the crease), it is valuable
to provide information that may help in more direct approaches for origami-based design in materials other
than paper. Planar sheets of homogeneous material are considered as they maintain the principles fundamental
to origami (flat initial state, low cost, readily available). The reducehs$s along the axis of the crease is
an enabling characteristic of origami. Hence a metric based on the deformation of the crease compared to the
deformation of the panels enables engineering materials to be evaluated based on their ability to achieve the
“hinge-like” behavior observed in folded paper. Advantages of both high and low values of this melric are
given. Testing results (hinge indexes, residual angles, localized hinge behavior and cyclic creasing to failure)
are presented for various metals and polymers. This methodology and subsequent findings are provided to
enable origami-based design of compliant mechanisms.

tion emerging from the plane of fabrication. Designs ideated

through folding are quite dierent from those synthesized

through traditional engineering methods and present desir-
Folded materials provide an opportunity for inspiration in gble characteristics as they are made from a single sheet, em-
mechanism design. Origami, the ancient art of paper f0|d|ngp|oy 0n|y one manufacturing process (f0|d|ng) and are com-
represents a unique way of creating mechanisbséis-  pact. These benefits solicit the transfer of folding designs
seix 2012. For centuries origami artists have designed ininto materials which are able to meet a broader set of de-
the highly available medium of paper, producing a variety of sign constraints (e.g. temperature, humidity, biocompatibil-
folding patterns ranging from statuesque representations oy, strength, stiness, combustion, etc.).
physical phenomena to animated creatures capable of mo- There are many ways to achieve crease-like behavior. Cre-
tion. Some designs have the ability to be tessellated, enating a “surrogate-crease” has been accomp”shed by perfora_
abling surprising expansion and contraction of the structuretjon, thinning, a variety of through cuts leaving an optimized
The past few decades have brought a heightened interest ifeometry which functions similar to a joinE¢rrell et al,
origami which has resulted in the increased interest in devel2011; Jacobsen et al2009 Wilding et al, 2012 and me-
oping science, technology and computational methods thaghanical hinges. While these methods are well studied and
could be used to solve modern complex problems. the results provide the desired revolute motion, the intent of

Origami can be viewed as a compliant mechani&regn-  thjs paper is to characterize the behavior of a material when

berg et al. 2011 Dureisseix 2012 as it achieves its mo- it has been mechanically creased through a folding process.
tion from the deflection of flexible membeiddgwell, 2007).

Origami may also be considered to fit into the class of lam-
ina emergent mechanism¥agobsen et al2009 2010, due
to the planar nature of the paper (lamina) and the configura-



Materials that have origami-like creases have the ability to The stranded, woven nature of textiles enables them to with-

both fold and unfold. Hence a material that tends to bend aftand the #ects of repeated folding much better than fibrous
a previous fold is a material that has origami-like creasesPaper Gardiner 2011). CreaseproofingHearle et al.1969
Some materials do not crease (e.g. sheet metal) because th&§adliardi and Gruntfestl95Q and pleating Marsh 1962
do not exhibit decreased Stiess along the fold. Creases de- Morton and Hearle1962 Vigo, 1994 are well-developed,
velop when the bending stress is greater than the elastic limigomplementary specialties based on the science of creas-
of the material Gagliardi and Gruntfest.950. The forma-  ing fabrics. Macro and micro material considerations lead to
tion of a crease resets the elastic memory to a non-zero angl&?€ crease properties of a specific fabric. Temperature, pres-
the harder the crease is pressed, the greater the residual afidre, humidity and treatments also influence the formation of
gle (Demaine et a).2011). creasesWingate and Mohlerl984 Gardiner 2011, Dureis-
Various levels of crease characterization exist amongsf€ix 2012.

sheet materials. Paper is a well understood material in the
context of creasing. Textiles have become better understood
through study into creaseproofing and pleating. New manu-
facturing methods and a recent interest in folded designs oAdvances in folding automation make folding a prime
various size scales and materials warrant better characterizamanufacturing method for sheet materials. Historically, de-
tion of creases in materials beyond paper and textiles. Workormable manipulation (or the manipulation of non-rigid ma-
in paper and textile folding and the related manufacturingterials) has been viewed as challenging as it must accom-
methods are discussed in the following sections. Building onmodate for deformations due to weight, dynamic forces and
this knowledge helps to characterize the crease properties @fipping forces Karakerezis et al.1994. However manip-
non-paper sheet materials, especially polymers and metalsilating these non-rigid materials has beefeetive in the
which can expand the possibilities of origami-inspired de-production of fast food containers, paper bags, clothing, and
sign. crash safety air bag8alkcom and Masaor2008. Flexibility

and short setup times are found in incremental sheet forming

operations as itis a CNC procegdl(vood et al, 2005.

The automation of pleating is much like folding. Direct

In the realm of creasing, the properties of paper and papend reverse folds are created in pliable materials by a contin-
derivatives are among the most understood. Paper behavior isous machine for applications such as apparel, novelties, and
often Slmpllfled by ConSidel’ing it unstretchable. Overall di- filtration devices Hochfe|d 1959 Increased ab|||ty to au-
mensions of the sheet are maintained when paper is creasegmate complex folding operations is seen in the continuous
making it applicable, or mappable back to a plakergosien  production of foldcores or modular isometric origandidtt
etal, 19949 ngld-foldable Origami is able to be constructed and Drechs|er201]) ina Variety of materials such as alu-

without stretching, deforming or twisting its panefa¢hi  minum, stainless steel, copper, paper, composites and plas-
2011 Wu and Yoy 2010. Folding does not allow tearing or tjcs.
self-penetration of the shed2¢maine and O'Rourke007). Advantages of folding over traditional sheet forming

In applications where paper has appreciable thicknessmethods center on maintaining a constant sheet thickness
such as paperboard, additional characterization is found(minimizing profile variations) and lower forming energy re-

Kinematically, creases act like a torsional spring, storing en-quirementsischer et a].2009 Elsayed and Basily\2004).
ergy as the panels rotate relative to each other along the axis

of the creaseGardiner2011). The torsional spring, or equiv-
alent joint adDai (2008 used in their carton folding model,

exhibits variable sfiness. This sfiness is dependent on the pocent work has taken folding to a variety of size scales and

angular displacement experienced creating the fold. Primar)(naterials. At the nano-level, graphene sheets, one atom thick
and secondary foldings exhibitfiérent stifness properties have been folded into stable configuratioﬁ}ailford et al. ’
due to the carton’s delamination. Paperboard and corrugat%og_ Protein and DNA folding are widely explore®¢the-
pften are precreased through mechanical die impacts. EXpeFﬁund 200§ Demaine and O’Rourke007). Microassembly
imental Nagasawa et 312003 and finite element&eex and ¢ 4 jgami structures has been achieved through bidirectional
Peerlings2009 models of penetration depth and crease Per-o1ds with pre-stressed layers of actuation matergessik
formance have been explored. et al, 2009. Polymers folding through incorparated actua-
tion has been realizedRfu et al, 2012 Liu et al, 2012
and elastomeric folding has been evaluateartinez et al.
2012. The folding of plastics is used in product design to
provide more rigid products with varying enclosed volume



The image on the left represents the initial or unstrained
state of the sample as viewed from above, and the rightis an outward
deflection of the samplé and ¢ are used to calculate the hinge
index.

The base case: a creased sheet of material set to a 90 de- ) . ]
gree angle and cantilevered. A displacement load is applied to thd he base case is a cantilevered sheet of material that pro-
initial state (shaded), causing it to deflect to the final state (nottrudes out from a fixed end condition, as illustrated in Eig.
shaded). The displacement follows an arc centered at the initial loAt half of its length, the sheet is creased, creating two panels
cation of the crease. of equal size. The equilibrium, or low-energy, orientation of
the panels is set to 90 degrees. Incremental displacements are
. - : applied to this base configuration, and panel deflections are
(e.g. expanding organization foldeiSwah 194Q collapsi- Ep d g P
ble kayaksWillis, 2012 foldable plastic bowlsFite et al, ~ C oc Voo . -
200 ' ' ! The cantilevered approach was used to simulate an origami
Tr?. haracterisi f folded materials are relatively un folding procedure. As origami does not have rigid constraints
€ charactenistics of folded materials are relatively un-, , 4, panels surrounding the crease, the ability of both pan-
explored outside of paper and textiles. The behavior of the : :
. . : . i els to deflect is desired.
crease in various engineering materials could make them
more or less advantageous for various applications. A further

understanding of folded planar material would enable de-

signers to make better decisions in the development of theicharacterizing crease behavior is beneficial to designers be-

products. cause of strain energy and rigid-foldable considerations in
Although it is anticipated that the majority of future design. A metric for characterizing the folding behavior of

origami-inspired designs will employ surrogate creasesyarious materials can be useful in evaluating and comparing

there is also value in evaluating the possibility of creasingperformance. We propose a metric called the hinge parameter
materials to more directly achieve origami-like behavior. The

purpose of this paper is to better characterize the creasing of

various engineering materials. This is done through (1) estaby, — -6 (1)
lishing a base case to facilitate evaluation and comparison, ¢ —¢o

(2) developing crease performance metrics, (3) experimental
testing of a range of polymers, metals and fiber based she%’ﬁ
goods.

hered is the measure of the interior angle, or the angle of
e tangents to the panels near the hinge, aiglthe mea-
sure of the exterior angle, or the angle of the tangents to the
panels far from the hinge as illustrated in Fay Theoretical
values of the hinge parameter range between 1 (a friction-

) ] ] less mechanical hinge) and 0 (a non-functioning hinge with
The behavior of creases in sheet materials can be evaluaterqotion from panel bending).

using a simple representation of creasing that translates well 1,¢ pehavior of creases in sheet materials can be evalu-

into the folding domain. Through keeping the case basicgieq ysing a simple representation of creasing that translates
findings can be extracted and transposed to guide designe{Sq|| into the folding domain. Through keeping the case ba-

iq material selection and design considerations for folded de'sic, findings can be extracted and transposed to guide design-
signs. ers in material selection and design considerations for folded
designs.
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A view of the sample before creasing, with optical mea-
surement locators and orientation marks shown. If the material has
a rolling direction, the rolling direction would be in the horizontal
axis in this figure.

end extending beyond the radius of the semicircle. This arm
rotates in 30 degree steps through the semicircle and is held
in place with a pin at any of the 7 locator holes. A deflec-
tion rod extendeds out of the arm and applies the displace-
ment to the sample. This rod is positioned a radial distance
of a/ V2 from the pivot and fiset from the arm’s centerline
D/2 whereD is the diameter of the deflection rod.

Samples of each material were sheared to the dimensions
of 4.5ax 2a (experimental data found later in this paper is
based on a value @f= 2 cm andD = 0.635 cm). In materials
that exhibit anisotropic properties due to a clear rolling di-
rection (which is common for sheet goods), the material was
sheared with the longest dimension aligned with the rolling
direction. The 4.8 length is composed of three sections: a
2.5a section which is clamped in the fixture to produce the
fixed (cantilevered), end condition and a gection which is
bisected by a crease to create two panels with the crease cen-
tered between panels. Each sample was labeled (with mate-
rial and iteration identifiers) and marked (with construction,
orientation and measurement references) as shown ibFig.
Locations for optical reference features wefiset from the

Top view of the test fixture. The sample can be seen increase by 0.1 cm.
the center, clasped in the fixed end support.

The samples were folded and creased in the following
manner to minimize variance: fiber based materials were
completely folded over by taking the protruding end and dou-
bling it back such that it was flush with the clamping align-
ment mark. A bone folder was then used to impart a crease on

A fixture for displacing material samples was designed anckhis fold. The fold was then manipulated back to a 90 degree
fabricated to perform the crease evaluation test uniformly, ahase angle. This same methodology was used for the poly-
shown in Figs3 and4. The fixture consists of a base plate, mers tested. Due to the forces required to work with metal

a pivot arm with a deflection rod and a fixed-end support.sheets, a standard sheet metal bending hand brake was used
On the rectangular baseplate, there are 7 locator positionings bend the sheets to a 90 degree angle.

holes (labeled deflection points in Figsand4 bored at 30

degree increments to form a semicircle. One end of a pivot
arm is pinned about the center of the semicircle with the free



Hinge Indexes and Residual Angles of 0.25mm (0.01in)
Thick Materials.

Digital

Mopscs Material 30 60 op esidul
) Angle
Samplg Low Carbon Steel (1010) 017 0.11 0.4 7.6
~ Stainless Steel (304) 0.22 0.13 0.11 9.4
Aluminum (1100-H14) 0.16 0.15 0.17 6.4
Brass (Alloy 260 Half Hard) 0.15 0.16 0.10 7.4
Polycarbonate 0.12 0.12 0.10 1.6
IR Plastic 0.26 0.26 0.26 13.9
Nylon 0.08 0.08 0.15 7.4
Acetal 0.20 0.20 0.16 4.0
PTFE 0.37 0.16 0.12 1.8
) ) N Polypropylene 0.41 0.37 0.29 10.8
The test fixture with sample deflected to positive 90 de-
grees. Data is collected from the image captured by the DindLite ~ Tyvek® (1085D) 0.64 0.49 0.44 0.1
digital microscope which views the fixture from above. Hard Eiber 059 052 052 11.9
Cardstock 0.85 0.71 0.63 13.7

. . Hinge indexes and residual angles of other materials.
The sample was clamped by a fixed end support that rises g g

vertically out of the base plate and is located opposite of the _ Thickness

semicircle, a distancafrom the center pivot point. The fixed ~ Material mm (in) 3 600 90
end support consists of two plates which clamp the sample
material as the bolts connecting the plates are tightened. The

Stainless Steel (304) 0.05 (0.002) 0.20 0.14 0.09
Aluminum (1100-H14) 0.05(0.002) 0.09 0.05 0.02

samples were placed in the test fixture, as shown in@-ig. _ Metallic Glass 0.02(0.0009) 0.08 0.05 0.09
Angle measurements were taken of the sample material
at each 30 degree displacement position by placing a Dino- PTFE 0.13(0.005) ~ 0.03 0.00 0.01

Lite™ AM3011 digital microscope above the sample, view- YHMW Polyethylene —0.13(0.005) ~ 0.25 019 0.17
ing the sample’s top edge. Digital images for each displace- UHMW Polyethylene 051 (0.020)  0.44 0.28 020
ment position were processed in SolidWorks. Optical refer- Bee Paper Watercolor ~ 0.36 (0.014) 0.68 0.58 0.54
ences served as the reference points for construction linesBee Paper Watercolor ~ 0.51(0.020) 0.90 0.83 0.82
and subsequent angle measurements. Paper (AITOHOG1)  0.05(0.002) 0.34 0.27 0.26
The experiments were performed in a controlled environ-
ment with temperature and relative humidity data logged.
The averages and standard deviations for these ar€¢ 0.1 Paper products, or fiber-based materials, serve as a bench-

(0.59°C) and 13.4 % (1.96 %), respectively. The dimensions nark material for folding. The paper samples tested had

of the samples are>9 cm (@ = 2 cm). the highest hinge indexes (0.52 to 0.85) and the sheet met-
als tested gave lower hinge indexes (0.10 to 0.22). Poly-
mers exhibited a wide range of performance (0.08 to 0.41).
Tyvek® spunbonded olefin, a product made of polymer
fibers, exhibits a hinge index (0.44 to 0.64) between that of
the best polymer and that of the papers. Of the polymer sheets
This work characterizes how well origami-like creases acttested, polypropylene gave the highest hinge index values
as hinges in various materials, as characterized by the hing.29 to 0.41). Note that the hinge indexes are taken from
index (Fig.2 and Eq.1). When materials were creased just positive deflections of the panels from their initial 90 degree
once, the displacement of the panels, or flexing of the panelsstate, where is a positive displacement (see Fifj. Nega-
was often greater than the angular rotation at the crease. Sudive angle displacements were also measured and show simi-
behavior is manifest in a low hinge index. A traditional hinge lar trends as those of the positive displacement angles.
(two rigid panels connected by a rotating pin) would have a Table2 lists hinge indexes measured for other materials of
hinge index of 1. interest, including metallic glass and origami paper. Unlike
Table 1 lists the measured hinge index at threffatent  Table1 where each entry has the same thickness, Tabas
angular deflections for 13 materials (4 metals, 6 polymersyarying thickness because of the availabilities of stock mate-
Tyvek® and 2 papers) of the same thickness (0.25 mm). rial and so the results are not meant for direct comparison.




F
F
2
Initial Position Positive Angles Negative Angles
Deflection angle orientations.
Variation in hinge indexes and residual angles fdfedent Low Hinge Index High Hinge Index

thicknesses of polypropylene. g9
b d

3 B
d o
Thickness, mm (in) 30 60 90¢° Res'dt‘a' | l I I
Angle
0.25 (0.010) 0.41 0.37 0.29 108 TITTTTTT FTTTTTTTT

0.43 (0.017) 039 0.39 031 122
0.51 (0.020) 0.49 056 056 23.1

9 Qo
g 3
1.02(0.040) 060 060 060 285 \/\/
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The residual angle is the angle that the sample returns to af- frrrrrrr7 777777 TITTT77T) W

ter being deflected 90 degrees from the original folded po-

3 8
a 9

sition. It is measured through changesginthe angle mea- g 59 8
sured further from the crease. Materials with low residual © e ©
angles better resist permanent deformation from forces anc

loads, returning to the previous configuration when distur- \ %
bances are removed. Thus they act likéfstisprings and re- FETTITTL TTTTTTTT

quire a greater input force to attain the same displacement. It , .
. o . The schematic shown is based on photographs of poly-
is generally seen in fibers and polymers that greater re5|duaé‘,irbon',31t

: h . 3 e (left) and fibrous paper (right) samples placed in a vice
angles correspond to higher hinge indexes, as shown in Ta;,4 compressed. Unlike previous samples, these samples each have

ble 1. Tyvek® shows an opposite trend as it has a high hingea «” shape that is formed by two 90 degree creases. Left side: low
index and a low residual angle. hinge index indicating panel warping, right side: fibrous paper or
Design concepts of this are seen in Bgwhere the low-  high hinge index indicating crease acting as a hinge.

est picture shows that low hinge index materials (such as

polycarbonate) return to their initial configuration while high

hinge index materials (such as fibrous paper) do not. This A variety of samples were tested, varying the thickness

concept could be leveraged in product development whereand material properties. Tadllustrates how thickness im-

materials with diferent hinge indexes would be used in dif- pacts the fold characteristics of polypropylene. Once again

ferent applications depending on how critical high restora-the residual angle increases with an increasing hinge index.

tion to the original configuration is. Table4 reinforces the trend of a greater thickness leading to
an increase in the hinge index, but with Ty@ethe residual
angle decreases as the hinge index increases.

The stithess of the creased hinge increases as the material
thickness increases, but the pandtiséiss also increases with

increasing thickness. The overall hinge index was higher for. , , )
thicker sheets of the same material. The dfects of cyclic creasing were explored. Creases in each

material were manually cycled at the original crease loca-
tion. Hinge index values were found for 1, 5, 10, 20, and
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Polypropylene (0.25 mm thick): hinge index verses cy- Tyvek® (0.25 mm thick): hinge index verses cycles of
cles of the crease. the crease. A strong asymptotic behavior is seen.

100 cycles. Some of the samples cracked or failed at the
crease well below 100 cycles. The hinge index increase . L ) )
with additional cycles asymptotically, approaching unity. Pa- or.e failure. D_elamlnatlon ContlnL!ed _to oceur W'th eac_h cy-
per increased its hinge index the most within the first 5 cy-CIe’ however incremental _dela_mlnanon dlmlnlshed_5|gn|f|-
cles, as shown in Fig; whereas polypropylene continued cantly after 5 cycles. The hinge index approached unity as the

to increase its hinge index over the 100 cycles, as shown ilpumber of cycles thm ti(')gﬂmt);' Frictléfl?lur.e O; rlnan_y
Fig. 10. ABS shows a distinct positive relationship, as shown papers was greater than cycles. T¥ékewise delami-

in Fig. 11, when plotted on a linear-log plot. Tyv8lexhibits nated, increased in hinge index with cycles and cycled exten-

behavior similar to that of paper when cycled, as shown inswely without failure. . .
Fig. 12. Fatigue data for various materials are shown in Ta- The metal samples failed in the first cycle. Attempts to re-

ble 5, where the cycle to crack was the number of CyCIesverse fold the metal samples resulted in fracture of the sheet.

until separation of the material was observed and failure wa?-rhIS may be due to strain hardening at the original crease

the number of cycles at fracture or catastrophic crack tha oca’qon. . .
resulted in significantly dierent motion. With the polymers, polypropylene gave the highest hinge-

index (0.41) after one fold. Polypropylene was also in the
subset of polymers that endured more than 100 cycles

Most fiber-based materials could be cycled extensively be-



Variation in Hinge Indexes and Residual Angles fdfet- 1 Cycle 5 Cycles 10 Cycles Closed

ent thicknesses of Tyvék
Thickness, mm (in) 30 60° 90 ReSId?al
Angle
0.13 (0.0050) 0.45 0.48 0.33 9.6
0.16 (0.0063) 0.57 0.60 0.55 4.1
0.19 (0.0075) 0.58 056 0.49 0.2
0.26 (0.0103) 0.64 049 0.44 0.1

Cyclic fatigue for cardstock. Top row of images are the
regular folds, bottom row the reverse folds. Columns from left to

Fatigue cycles for 0.25 mm (0.01n) thick materials. right are the following cycles: 1, 5, 10, and close fold.

Material Crack Failure
Polycarbonate 18 37 1 Cycle 5 Cycles 10 Cycles Closed
IR Plastic 3 22 ; (i e
Nylon >100 >100 k-8 3
Acetal 14 46 ~ sro
PTFE >100 >100 -
UHMW Polyethylene >100 >100
Polypropylene >100 >100
Tyvek® >100 >100
Hard Fiber 2 5 Cyclic behavior for acetal. Delamination is not seen, but
Cardstock >100 >100 localized thinning occurs as tensile stresses on the outside elongate
the material.
without experiencing fracture or failure. This is well sup- 1 Cycle 5 Cycles 10 Cycles Closed
ported by the extensive use of polypropylene in living hinges.
Crease locations of each material were examined under a mi
croscope. Fibrous materials demonstrated tlieces of de-
lamination, as expected. When the folds were reversed (i.e. ’
the paper was folded back the other direction) the fibers that
had been originally pulled apart at the outside edge of the Cyclic behavior for TyveR. Notice the similarity to the
crease (tension) buckled, as shown in Hig. characteristics of the cardstock.

Metal samples showed yielding of the material at the out-
side (tension) edge of the crease. Attempts to reverse fold the
metal tended to create a new crease near the original crease
location. When metal is forced to fold in the same location
as the previous fold the crease fractured. This behavior waFhe results have several implications on direct methods of
experienced by all metal samples. replicating folding-based designs in non-paper materials.
Many of the polymers exhibited a ripple pattern on the First, the thickness of a material is a significant factor in the
compression side and buckled. The polymers yielded on théinge index. The thicker the material the higher the hinge in-
tension side of the fold. As the plastics were cycled, thinningdex. Second, although the sheet metals have non-zero hinge
could be seen at the crease location, as seen irlEig. indexes, they are not well suited for kinetic or reversible
Tyvek® is composed of continuous fine polymer fibers, folded designs because they do not preference the previous
thus it looks similar to the fibrous papers tested. Signifi- fold. The plastic behavior of folded metals can be used to
cant delamination and buckling occur which help create thean advantage for mechanical and shaping situations. Com-
hinge-like behavior, as seen in Fih. pliant hinge-like behavior in metals may come from alterna-
tive methods such as revolute u-form flexurEergell et al,
2011). Third, of the materials tested, polycarbonafters a
low hinge index and returns to its initial shape (low resid-
ual angle). Fourth, of the materials tested, TyReatomes



closest to the behavior of paper but with some advantageouBemaine, E. D., Demaine, M. L., Hart, V., Price, G. N., and Tachi,
physical properties lending it well to situations where pa- T.: (Non)Existance of Pleated Folds: How Paper Folds Between
per would quickly degrade. Fifth, unlike paper, Ty$#ckas a Creases, Graph. Combinator., 27, 377-397, 2011.

low residual angle to accompany its high hinge index. Sixth,Dureisseix, D.. An Overview of Mechanisms and Patterns with
non-rigid-foldable designs benefit from materials with a low ~ ©rigami, Intemational Journal of Space Structures, 27, 1-14,

. - . . 2012.
hinge mc?ex as th.e. Panel .Warpmg accommodates for the“iEIsayed, E. and Basily, B. B.: A Continuous Folding Process for
progression from initial to final states.

) d ch o f the foldi . f Sheet Materials, Int. J. Mater. Prod. Tech., 21, 217-238, 2004.
An improved characterization of the folding properties o Ferrell, D. B., Isaac, Y. F., Magleby, S. P., and Howell, L. L.: De-

sheet materials provides information that can be used for \ejopment of Criteria for Lamina Emergent Mechanism Flex-
folded devices. The hinge index was introduced as an ap- yres With Specific Applicatoin to Metals, J. Mech. Design, 133,
proach for quantifying the ability of a material to fold about 031009, doil0.111%1.40035382011.

a crease. Materials with a high index require lower activa-Fischer, S., Heimbs, S., Kilchert, S., Klaus, M., and Cluzel, C.:
tion forces to traverse their full range of motion, and gen- Sandwich Structues with Folded Core: Manufacturing and Me-
era”y have a h|gher residual ang|e while materials with a chanical Behavior, SAMPE Europe 30th International Jubilee
low index require a higher force for an equivalent range of _ Conference and Forum, 4B, 256-263, 2009. _

motion, and have a low residual angle. A better understandfite: F- B Ming, N. H., and Ho, T. L. Foldable Plastic Bowl U.S.
ing of the hinge index and the cyclic characteristics of the _ PatentD567592, 2008.

avers. metals and polvmers studied provide information tc)Gagliardi, D. D. and Gruntfest, I. J.: Creasing and Creaseproofing
Papers, poly P of Textiles, Text. Res. J., 20, 180188, 1950.
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