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Abstract

The focus of this research is to develop a system for limiting the motion of a mechanical
joint to prevent damage to the joint. One obsiapplication is enhancing the safety of human
joints during athletic events. For maximum reliability, the designer should eschew electronic
sensors or actuators. The system also must provide minimum mechanical inhibition or altered
stiffness (even if @lstic) inside the safe zone of motion, but significant strength as well as
stiffness on the border of the jointdéds safe z
starting with an adaptation of Aulktyirvesgome pat en
bending compliance, layeyarying approaches (just as aeroelastic tailoring uses special layup
directions to produce deflection coupling for altered aerodynamic properties), and new chainmail
weaves. These approaches were all unsuccesstugtbr research found planar compliant
mechanisms and fabric arrays of teeth stiffen sufficiently in simple bending througorsitt.
The former were rejected because of their discrete, unconforming nature, but the latter proved
successfulinresttit i ng a test fixtureds motion when wr a
the fabric arrays of teeth were successfully adapted intoysed arrays that can be worn
around a human ankle and limit its motion; however, an attempt to generalize ii@nbm
planar comb idea by revolving its shape about an offset axis produced insufficient stiffening up
(even when special backbone geometries that stiffen in tension were used), indicating that fabric
backbones are a key component of the material. Fuskearch is needed into how to generate
tooth geometries for the fabsizacked arrays that will conform to a complicated shape (like the

lower leg) and lock up at a specific desired angle.
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Figure 138: Basic tow outline that was projected onto the cylindrical face of the backbone to

produce the tow geometry. Here, the angle of deviation from the vertical is shown to be
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Figure 139: Mesh for elastoméber backbone. Note the higher density of elements than in the
backbones of previous combs (which were mdshigh hexahedral elements), and their
tetrahedral SNAPE.........ccooiiii i ————— 207

Figure 140: Von Mises strain profile for the reinforgetbber annlar comb. Note that there is a
minor strain concentration at the interface between one fiber bundle and the rubber
backbone (circled above in white), although it pales in intensity when compared with the
strain concentrations shown in the following figure............ccooo e 210

Figure 141: Closeup of strain concentrations near corners of the bond areas between teeth and
backbone (in the left vievihe teeth are hidden so reveal the full extent of the strain
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Figure 142: Geometry of annular comb with nylnstead of elastomer backbone, and plastic

enclosed by fibers removed (to facilitate mechadigmbehavior).............cccoeee.... 212
Figure 143: Dublesectioned view of the annular comb after leg rotation of.15°............ 214
Figure 144: Fiber bundles not visibly reoriented fromi@ms................oeeveviiiiieeciiiiiiineenen. 215

Figure 145: Vertical component of stress in fibers (and nylon backbone). The deepest blue
shows compressive stressleat should cause failure of the bundles (and likewise, red
regions should see failure from teNSION).............uueiiiiiiiiiccecer e eeeen 216

Figure 146:CAD geometrgf annular comb with some cutouts inside and between the areas
enclosed by the looped fiber bundles.............ooiiiee, 218

Figure 147:Deformatioof structure after 15° of leg rotation from initial contact point. Note that
most teeth were not contacting at this point; surprisingly, those that were contacting were
the ones above the Kxackbone contact patch..............ccc 220

Figure 148: Contours of vertical (z) stress, blue indicating compression, lime green roughly zero
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Figure 149: Compliant mechanism withat1 force ratio and carefullgculpted compliant
0L SPUPPPRINS 226

Figure 150: Hexagonal unit showing compliame¢chanisrrinspired joint design. Note that this
cell is not a reentrant design, but, like the previoysbpo®d reentrant hexagon, it too
should stiffen up in tension after some displacement............ccccccviiieeeiiiiiiinnnnnnn. 227

Figure 151: Hexagonal array subjected@atical tension. The top was fixed vertically (but free
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Figure 152: After .002m displacement (from symmetry), the point at which lockup seems nearly
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Figure 153: Deformed shape after .003m of tensile stretch, roughly where stiffness. pe&xis.

Figure 154: Another potential 2D lattice with tensile stiffening behavior thanks to reorientation
of beams facilitated by compliantechanisrvinspired joints The unit cell is shown in
red; note that there are four distinct shapes, three of which have some reentrant geometry.

Figure 155: Deformed result after 20° of rotation from first point of contact (which was nearly at
vertical). Note that those cells that saw enough tension to somewhat elongate (a mode of
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most cells on this side saw MOore COMPreSSION...........cocvvvvviiiiemmeeeeeeeeeeeiiriaes 238

Figure 156: 20° of rotation without teeth, other view. Note tthage cells that saw enough
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Figure 157: Simulation of closelyonforming untoothed hex backbone tied to leg at top and with
sliding contact, leg rotated 20° from initial contact position. Note that there are two loci
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Figure 158: CAD model of annular comb featuringmeentrant hexagonal backbone with joints
cut away as in compliant mechanisms, plus comb teeth with reduced base contact area.

Figure 159: Analysis after 8.5° of leg rotation from point of first contact. Note that most of the

teeth in the symmetry plane opposi tugh t he
their trapezoidal shape, which gives small tooth contact area, has caused some to slip
radially relative to each Other)............ceiiiiiii i, 246

Figure 160: Top view of analysis after 8.5° of rotation. Note that the teeth shapes are such that
no tangential contact occurs. (Better stifferupproperties might be obtained by
reshaping them to provoke tangential contact at the desired.time)..................... 247

Figure 161: Only the teeth attached to the rotating beams are shown in this picture....248

Figure 162: Alternative view of teeth attached to rotating beams, illustrating curvature for
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Figure 163: All teeth (red and grey) and backbone (blue, with the face to which the teeth are

bonded highlighted), outSide VIEW.............cccoiiiiiiiiiieee e 250
Figure 164: Inside view of mechanism annular comb with small teeth.......................... 251
Figure 165: Overall view of mechanism annular comb with tiny teeth..................c...cc... 252

Figure 166: First view of slidinrgontact tinytoothed hexbacked annular comb (teeth hidden
from view, but active in the simulation). No tensioning of dsli® be seen, but at least
the teeth prevented shell buckling..............ooo e 254

Figure 167: Second view of slidirgpntact tinytoothed hexoacked annular comb (teeth hidden
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Figure 168: View, with teeth shown, of some buckling after 6.5° of leg rotation in the case of
tied contact between annular comb and leg. Note that this buckling outwards defeated
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Figure 172: Two links with revolute joints for the connections to links above and below them
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Figure 173: Overall structure of a basic, cylindrical structomathanism annular comb (CAD
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the TOTALING 18- ... ittt 264

Figure 175: Planar tooth array arsolid backbone. Note that the backbone was quite thick
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Figure 176: Overall view of 2D tooth array (shown in grey) on synclasticature auxetic
mesomaterial backbone (shown in red).............ooooiiii e 270

Figure 177: Underside view of 2D tooth array, showing backbone..................ccccceeeen. 271
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Figure 178: Top view of toothArray. Note the irregular hexagonal shape required to put teeth at
the joints of the backbone and still obtain roughly the same gap distance every&itzere.

Figure 179: Shell buckling of beams (with their long axes oriented to produce the highest second
moment of area when the sheet is in bending) andtbmapgh of the kite shapes after
bending, both of which inhibit posbckup stiffness.............ccccvviiiiiiiiieeee 273

Figure 180: Overall view of the printed structure in bending. Note the synclastic curvature.
Unfortunately,i was fairly compl.l.ant..af.t.er.2®l ockup

Figure 181: Square array of teeth with small gaps...........ccovrriiiii e 276

Figure 182: Large contact area ensures that teeth do not slide relative to each other once they do
contact. (Another view of the teeth shown in previous figure)...............ccceceen. 277

Figure 183: TeciBond structural cyanoacrylate (capable of bonding to nylons) was applied to
the underside of this open weave at the bases of teeth, then activated forsecuoze

bond thanhat offered by melting nylon to the fabric alone................cc.ovvve. 278
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Figure 185: Showing bending lockup of fiberglass with tooth atray..................cceeeeeeeee 280
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Figure 189: Silicondoackbone comb array. At the subjective beginning of lockup (but the
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Figure 190: Unsatisfactory pelstckup stiffness oftie siliconebackbone tooth array.......... 286

Figure 191: From an FEA study on the elaséckbone annular comb, the shearing mode to
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Figure 193: Leg rotation (shown with the orange arn@sllts in inward contraction of part of

the backbone (the part near the green arrow, which shows the direction of this
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Figure 194: Cottoipolyesterelastomer fabric with significant anisotropy (compliance in one
axial direction much higher than in the other) with tooth array printed thereon. As shown
by the drawings on the fabric, the single orthogonal compliant axis also renders the cloth
compliant in shear, even though it does not have a weave that itself gives a lot of bias
(o0 0] 0] [F= T L= 291

Figure 195: Lockup curvature of the CiBRckbone array when bent along the compliant
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Figure 196: Lockup curvature of the CiBeckbone array when bent along the stiffest direction.

Figure 197: Lockup after some shear compliance of thel@zieked tooth array................. 293

Figure 198: In bending in the mecempliant direction, the fabric reveals small tears near the
bases of teeth. These pr easce imthibdirgctioa.dtd t o
is not clear how they originated, whether simply from bending load that thsttength
elastomer fibers simply could not handle, heat damage from the printer extrud@94tc.

Figure 199: Potential hexagonal array to investigate the effects of teeth aligned with respect to
triaxial weaves. Note that the gap distance and inscribing circles for theo&sp

sections are the same as those of the rectangular.aray.........ccccccoeeveeeeveeennnenn. 295
Figure 200: Triangular tooth array CAD QEOMELLY.......ccoeiiiiiiiiiiiceeee e 296
Figure 201: Top view of triangular tooth array CAD geOMEeLrY..........ooeeeuuvrvrrimmnneiininnes 296

Figure 202: Basic hexagonal array, bent just until tooth contact. Given pure bending, the
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producing a roughly cylindricahape.................ouuiuiiiiiee e 297

Figure 203: Further bending of the same array shown in the previous picture unfortunately
results in vertical toothligling (strongest in the region circled in blue). This reduces
postlockup stiffness, and it produces uneven curvature; note that the same amount of
bending force produces higher curvature at areas where tooth sliding is most significant
(curvature alongeveral areas of the array is traced in green)..........ccccceeeeeeveeene. 298

Figure 204: The above tooth geometry is likely to see significant vertidagsbetween teeth
when the overall Structure IS Dent..........ooooo oo 299

Figure 205: Bending of an array with teeth with sharp corners aredrextgnals facing

downwards often causes the point of tooth contact (shown with the red x) to move closer
to the fabric, reducing the stiffeningp effect; the fabric often experiences buckling as
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Figure 206: When a square array is bent along an axis not parallel to the contact normals
between teeth (i.e. at an angle that is not an integer multiple of 90° for a aqagjeits
teeth see sliding past each other, and much more curvature can be achieved before lockup
than could be achieved when the array is bent along an angle that is a multiple361.90°.

Figure 207: Bending the square array about an angle that is an integer multiple of 90° (left)
produces less curvature than bending about a different angle (right)................. 302

Figure 208: Simple uplane shear of a square array. This array did not lock up in shear from
tooth contacts, but rather from the radial stiffnesthefindividual yarns in the weave
when the rhomboidal gaps between yarns closed up from shear. The mode of shearing is
illustrated with DIUE @rrOWS........ccoooi i 303

Figure 209: Pulling on an array based on a fabric with high bias compliance in the bias direction
(shown with orange arrows) not only produces the expectplhire shear (shown with
blue arrows) but also results in strong inwasdtcaction from Poisson effects (especially
strong since the effecti weavd fabdcaslwellazned Poi ss
excess of 0.5) shown with the yellow arrows. In turn, this brings teeth into contact along
some faces, producing the rougiiniaxial curvature that is highlighted with the green
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Figure 210: Bending of the fabric about the z §gerpendicular to the fabric; the neutral axis of
bending is irplane), with areas of compression and tension exaggerated with orange
arrows. Note that the areas of tooth compression often see the teeth slide past each other;

hence, a triangtehaped grop of teeth has risen above others (circled)................ 305
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Figure 213: Array of convegoncave squarkke teeth locked up in bending..................... 308

Figure 214: Array of convegoncave squarkke teeth, effectively locked up after a relatively
small amount of positive #plane shear (shown with green arrows)...................... 309

Figure 215: Array of convegoncave squarkke teeth locked up in negative-plane shear (i.e.
the opposite direction from that shown in Figure 214), with direction of shear shown with
green arrows. Note that the protrusions on the teeth tend to slide somewhat off of each
other before finally locking up (less strongly than in the opposite direction); one
especially clear view of this sliding is circled in blue..............ccoooviviiieeee e 310
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Figure 216: Tooth protrusions catching on each other as the array returns to standard shape after
significant local shearing or bending (Circled)............oooovviiiiiiiccee e 311

Figure 217: Single tooth based on the Mercier paradoxical gear (formed by taemm an
involute of a circle). Theteethhhaee an of fset from each other
and should cam off each other to rotate in the same direction..................cccueee. 313

Figure218: Array of teeth based on the Mercier paradoxical gear............ccccccevvveeeeenn... 314

Figure 219: New Merciebased tooth design, featuring the samghteas the first tooth but
double the revolution angle and a small taper near the.base...................ccceee. 315

Figure 220: Hexagonallosepackedarrangement of the Merciased tooth. Note how much
larger the projected footprint of each tooth is versus its instantaneouseotiss... 316

Figure 221: Lockup curvature in pure bending for paradogeakb ased arr ay wi t h
clearances (very small due to the small initial clearances)............ccccevvvvieeeeenen.n. 318

Figure 222: Sympathetic cylindrical deformation of paradoxieslrb a s ed arr ay wi t h
clearances in compression along the axis shown in green (plus a small amount of

DENAING) et ———————— 318
Figure 223: Another view of the paradoxical a
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Figure 224: Underside view of the paradoxi cal
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cl earances (much hi gh e clearahce array).h.a.t.....s380e n  wi t

Figure 226: Sympathetic cylindrical deformation of paradoxieslrb a s ed arr ay wi t h
clearances in compression along the axis shown in green (plus a small amount of
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Figure 227: HCP paradoxicgkear tooth array, scaled inwards (along the blue arrows) to 80% of
its original width. The axis along which compression results in coupledidcal
deformation iS SNHOWN N GrEEN..........uuiiiiiiiiiiiiiieeeiii et 322

Figure 228: Top view of 80%wvidth-scaled HCP paradoxicgkear array in compressi@with
coupled cylindrical deformation). Note that this curvature is stronger than that for the
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unscaled HCP paradOXi€@Bar arfay............uuuuuueiiiieeeseeeerrnrnnniisieeaeeeeeeesessmannaseeeens 323
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coupled cylindrical deformation). Note that this curvature is stronger than that for the
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Figure 230: Postbckup bending curvature of the array. Note that its curvature seems somewhat
higher than that for the unscaled array (shown in bendifggure 225), despite having
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Figure 231: HCP paradoxicgkear tooth array, scaled outwards (along the blue arrows) to 125%
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Figure 236: Shearing the array and compressing it along the edges (as shown with orange
arrows) gives the array mostly cylinchl curvature, much less anticlastic than in the
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Figure 237Thanks to the plain weave of the fabric (which gives it high bias compliance) and the
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Figure 239: Geometry for doubtetated tOOth...................ovviiiiicccii i 332

Figure 240: Rendering of hexagonatlipsepacked array of doubletated paradoxicajear
inspired teeth (seen from the UNderside)......... ..o iccei e 333

Figure 241: Slight curvature of the doubtgated array at lockup..............cooovvvvviiiieenneen. 334
Figure 242: Closeup a&feveral printed, doubletated teeth showing fairly poor print qualgg4
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Figure 249: Side view of orientation that causes all gaps between teeth to be of the same shape.

Figure 251: Thre¢oothed paradoxicajear array at lockup in bending.............cccccccooe.e. 341
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Figure 263: Illustration of the concept of teeth based on gear geometries. Strictly speaking, the
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Figure 271: Several generations of the P1 Pentibsg. (Public domain image)............... 357

XXVil



Figure 272: Individual tooth withcrosse ct i on based on Reulgaux Atr
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Figure 273: Ar rlasgp aocf k eichée xRaegwlnead Uxy t eet h. Not €
in distance between the teeth along the pe
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Figure 274Detailed geometry of the central cresection of an individual tooth, showing the
large, inscribed triangle (which was the basis for the tessellation) in dashed lines, and the
solid Reuleaux crossection in SOld @rcs...........ccccoiviiiiiiiiieeeiieeee e 360

Figure 275: The array based on Reuleaux triangles did not lock up effectively in bend8&i

Figure 276: If the rectangles are rigid and linked at the pink dots by revolute joints normal to the
plane, the structure will be perfectly auXetiC..........ccccoveeeiiiiiieeeiiii e 366

Figure 277: A single tooth in this array, with gradients of surface curvature................. 367

Figure 278: Rendering of auxeiiaspired tooth array. Note the gaps between tips of teeth (as
well as the obvious parallelograshaped gaps between teeth sides that should give the
array its auxetic propertiesY.he performance of the printed array suggested that the tip
gaps should be reduced to produce faster lockup..............coovvviieeeriieieiiiieieeieinn, 367

Figure 279: Theauxeticinspired array, laid flat, with the axes of bending superimposed. The
following figures show the curvatures of the backbone when bent about the above axes.
The blue axis corresponded to the highest curvature (see Figure 280), the green axis to a
moderate curvature (see Figure 281), and the orange axis to the lowest curvature at
lockup (see Figure 282). All of the associated pictures were taken immediately at lockup,
without further bending, which would have rotated and/or elastically deforragdaed
POSSIbly teNSIoNed faDIIC.......cviieiiiiieeee e 368

Figure 280: Curvature of the array at lockup after bending along the axis associateid et
curvature (shown in blue in Figure 279)...........ccoooiiiiiiieeee e, 369

Figure 281: Lockup after bending about the axis associated with modana&icel (the green
AXIS TN FIQUIE 279) ittt ettt mmee e n e e 369

Figure 282: Auxetignspired tooth array, bent just until teeth touch (withoutfanyer
deformation). The axis of bending here corresponds to the orange line in FiguBy@79.

Figure 283: Further bending @efmation along the axis of the previous figure. Note how the
teeth rotated somewhat in order to close up the parallelegfnaped gaps, producing
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biaxial contraction in the direction shown by green arrows..............cccvvvvveemeene. 371

Figure 284: A single kitshaped tOOth.............oooiiii e 372
Figure 285: Four kitshaped teeth in tessellation. The colors of the teeth do not indicate
handedness as chirality is irrelevant in the tessellation of quadrilaterals............ 372
Figure 286: Computer rendering of an entire array ofdti@ped teeth.............................. 373
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Figure 288: Lockup curvature in bending about a different axis from the one shown in Figure
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Figure 290: Tooth based on the pentagon used in the Hirschhorn tiling. The outlining pentagon
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Figure 292: Hexagonal,lodensi ty dAinfill 06 area inside solid
Taken from the &ode d the standard 9x9 square array. Black and cyan lines show
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travel WIthoUt @XIrUING......oooiii i 380
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material, or, at the very least, Solid reSin................uuuiiiccciieeec e 381

Figure 294: Triangular tooth modified with #fAc
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with epoxy for stiffness). The..cen3gkr dpo

Figure 297: Sketch of proposed threaded fastener system for holding the teeth to the fabric. The
threaded fastener should later be replaced with rivets, which are cheaper both to purchase
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Figure 298: Sketch of toothlling process that should also see a strong bond between the filling
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Figure 299: Simple, gluaided rivet system (with tooth shown in grey and rivet transparent in
red). Note the clearance between the projection of theamgkethe base of the tootB93

Figure 300: Rivet modified with hole in it to allow activating chemical to flow through and
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Figure 311: Side view of array mounted on tes
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Figure 312: Side view of array mounted on tes

with the green arrow(This is the same view but opposite direction of leg rotation from
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Figure 314: Lower lockup curvature in planar bendinthefcenter part of the array since here
(in the region circled in green) the initial vertical clearances between teeth were only
0.0240 (compare with the higheur..curdtOatur e
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of the array with large clearances. Note the shearing behavior of the white teeth.
Bending direction shown in blue. Also note the inwards shell buckling (circled in green);
this is where the lockup forces are concentrated, and the curvature here is roughly that at
which the planar array locked up in planar bending, as shown in Fig8re.3........412
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Figure 318: Bending in opposite direction as in the previous three pictures, against those teeth
with the small (0.025é&wgapt ansed eh30Aff 100 @3]
The base of the Afoot o..wa.s..per.pendid4tbul ar t

Figure 319: Torsional lockup dfie array after being rotated clockwise (viewing from the top)
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Figure 320: Torsional lockup of the array after being rotated counterclockwise (viewing from the
top) thanks to tooth contacts. The direction of the torsion is also indicated with blue
arrows. Note that this is the oppodiieection of torsion from that of Figure 319...417

Figure 321: Planar bending lockup curvature of the paradegeadbasedaay wi t h 0. 0500
offset between teeth. ... 418

Figure 322: Compressing the paradoxi cal array
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followsd the arc length between the centers of the base pieces. Note that this distance
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to better bond the two parts together; this was later abandoned as unnecessa§25
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Figure 328: Altered geometry of flared tooth, featuring a cut to prevent teeth tangential to each
other (i.e. sharing the same circle before defoionafrom sliding much in the z relative
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Figure 332: Bending the array backwards to highlight its curvature (note that interior teeth, as
proposed above, would not allow thigjhe curvatures of the two rows of teeth are traced
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Figure 333: Drooping behavior of long and heavy teeth (notethennormals tend to be
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Figure 334: Cylindrical array tested on a human wrist. In the left picture, the wrist is in neutral
position, with negligible bending along the netural axis of the cylindrical axis. A few
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Figure 335: Test fixture with neoylindrical manifold shown transparent in red. The teeth were
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Figure 338: A computer rendering of full halieet of teeth with interpenetrating features.
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faces are at an angle to each other). The circle of curvature to which they conform in this
position is sketched in green. This mode is quite resistant to rotation...............442
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Figure 341: A picture of two teeth as printed in vertical contact (thus, their flat bottom and top
faces are parallel to each other), thiss@f which is shown in green. This mode is quite
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Figure 342: The face highlighted in blue was given some constant outward curvature with a
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Figure 343: Undeformed piaurved array, bottom VIeW..............oovvvvveiiiiiccreeeeeiei, 446
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K] [0 LSV =P PROPPPOPPPPPPPPY - V2 o1

Figure 346: Bending the array in the opposditection from that in which it is intended to stiffen
up is free up to a point, but then some contacts are activated (as circled in arad§e).
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Figure 365: Preurved array (of the tooth configui@n discussed above) in its neutral,
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Chapter 1. Problem Statement and Review of ProteSti@tegies.

Introduction.

Athletes, especially at the most elite levels, must push their bodies to the limit in terms of
force developed versus maximum safe joint force and in terms of rate of movement and
acceleration versus the nervous hketgsoteemsio s mi ni
debilitating (if hardly lifethreatening) injuries from forcible overextension of joints given the
|l ow Asafety f act or 0Themodteommenreinmdimentbfesuch an mjery at e .
is when an athlete tries to change directionadyically with parts of the body in an improper
position, thereby risking a tear in cartilage or ligaments of the ankle, knee, or hip. Given the
shorttimescale and high inertia of the event, even if the athlete realizes the danger of his

movement earlymin its execution, he probably will be unable to ameliorate its effects.

Athletes already employ protective strategies, but they are of limited utilitgrand
fraught with perfomane-reducing characteristics. For instanocasketball players are knovm
bind their ankles with a moderagéffness polymer fabric; unfortunately, this restricts the
athleteds feasible range of ankle motions (an
Similarly, this practicalso adds unnatural stiffnespecifically,this can increase the time
required to move the foot, and it adds restoring stiffness that might cause the foot to overshoot its
rest position when a load is remove@dus, sources of energy dissipation (from viscoelasticity in
the band, to sliding friatin, to fibers sliding relative to each other) waste some energy (even if

the elastic force is desirable), although this may be relatively insignificant. More to the point,



because the stiffening of the ankle joint is relatively constant with respedtectide, without
practically immobilizing the joint, little real protection can be achiewed thus only player

vigilance and inherent bodily strength can prevent injuries.

Ironically, a protective device that allowsreaximum of freedom of movemefust
barely under the threshold for injury) could reduce injury incidence relativetetest ofthe
stiffest ankle bindindpecause the free protective device would alleeruitmentthus
strengtheningdf the peroneal muscleghile the ankle is insidthe safe rangeThese muscles
stabilize ankle eversigmandankle binding has come under fire from sport enthusiasts for the
way in which it limits peroneal muscle usage during-nossioncritical practicé strengthening
them (and entraining their reamtis) would add to joint strength in play and prevent a strength
deficit that would be problematic when the device is not being wibihwere possible to
develop a solution that is superior bothatounprotected joint and the unnatural, restrictivd, an
ineffective anklebinding strategyit would significantly reduce playetowntime, which one
presumes can cost teams significant amounts of money that could justify even an expensive,

effective protection strategy.

That said, assuming an unlimited adedyte price is folly. While the popularity of high
end Nike shoes shows that people will pay a premium for footwear (even though air soles appear
to increase the likelihood of injurglative to highequality shoe§, the price must be limited as
much agossible to broaden the available market. In particular, children will likely especially

benefit from this device as theyodre stildl gr o

1 Smith, Jimmy. "The Ankle ParadoxThe Ankle ParadoxT-Nation, 12 Feb. 2008. Web. 22 Feb. 2015.

2 Mckay, G. D. "Ankle Injuries in Basketball: Injury Rate and Risk Factdstish Journal of Sports Medicine
35.2 (2001): 103€8.



permanently hamper development (even if comparable adult injuries coujdbeasecovered
from); however, as thereds no money to be mad

buy the device oubf-pocket.

Of course, the issue of clothing costs raises a related question of the importance of the
itembs afpeanabhbe.i mportance of competitive s
(however irrelevant to the physical considerations of athletic performance), the device should not
advertise the wearerds concern f orsighificant j oi nt
advantage allowing risk with impunity, its adoption would be faster as wearers could hope to

intimidate their opponents just by wearing it.

Sponsor6s Requirements.

The most i mportant of the s paatestrenthandequi r
stiffness to prevent deflection of the anibe otherhuman or evemechanical)oint past certain
safe limits, or, failing this, to absorb as much energy as possible so that the excursion outside the
safe limit is as nomlynamicas possiel and can be resisted by the b
well. Itis similarly quite important that the device have very low or even truestzgro
stiffness within a certain rangeikewise, dissipative forces should be minimum within the safe
regime Common sense also suggests that there should be a limit on the rate at which stiffness
ramps up as one gets close to the edge of the safe envAlspgeclearly the solution needs to
be lightweight, and it should always conform to the leg and ankierrdian taking up
significant real estate outside the lifinkhis sort of geometry would not only increase the inertia
of movement of the leg in certain directions, but it would also likely collide with other limbs in

movement.



Mechanics andMechanismsof Injury of the Human Ankle.

The ankle complex actually consists of two separate joints, although the bones associated
with one are both hidden and coupled with the other such that to casual observation it appears
there is only one. The true ankle joikhown more technically as the talocrural joint, is
generally modelled as a hinge with only one degree of fregdhbiw is e most obvious motion
of the ankle complex Special names are assigned to this mode depending upon direction:
dorsiflexion(someaimes calledifoot extension)i s sai d t o entail bringi ng
upwards, plantarflexio(sometimes referred to simply @®ot flexiono) the opposite Figurel

illustratesconnects the nomenclature with joint direction

DORSIFLEXION PLANTAR FLEXION

Figure 1. Showing plantarflexion and dorsiflexion deflection modes from neutral in a humén foot

The axis around which the true ankle jamitially rotates is somewhat rotated from

Afeveno hori zont alFigaaRdhowse (There aradignifecantgvariatisns in the

3 Levangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgiet Structure and Function: A
Comprehensive AnalysiBhiadelphia: F.A. Davis, 2011. Prin.440

41mage sourcehttp://garrettmclaughlin.com/2014/02/04/selfaluationtreatmergtrategiesor-the-ankle/



literature as to the reported neutral values of these anglesFigitne260 s t a k §.nThdyr o m |
may vary significantly enough to require personalizatiovipreover, minor changes in the

orientation of this rotational axis occur with respect to joint rotation, for it is not a perfect

revolute join® however, the ankleomplex motions of inversion and eversion see much greater
changes in the orientations okthrotary axis. Plus, there is of course no such thing as a perfect
constraint, and the true ankle joint has some freedom in the coronal plane (the plane
perpendicular to the initial Amai no axis of |
pane roughly perpendicular to the | egbs axis),

The plane in which the main rotation occurs is known as the sagittal.

5 Levangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgiet Structure and Function: A
Comprehenive AnalysisPhiladelphia: F.A. Davis, 2011. Pript444

6 Modeling and Simulation of the Foot and Ankle to Predict Ankle and Subtalar Joint IMgtiog Lundberg, A.,

Svensson, O. K., Nemeth, G., Selvik, G., AThe Axis of R
An k|l e JBRonen Swg.,Vv71B,1989,9499 and Lundberg A., Gol die 1., Kal i n
the ankle/foot complex:

plantarflexion and dorsifl e2000n0, Foot & Ankle, v9, na.



TC Deviation Angle TC Inclination Angle

Figure 2: Average agles of the initiabxis of the ankle joint. Note that the axis rotates somewhat throughout

plantar/dorsiflexion.

Dorsiflexionand pl ant arfl exion comprise the most
at least as concerns gross human mobility; hence, most human fobepessturrently on the
mar ket consist of flexible beams that bend ar
dorsiflexion/plantarflexion in a natural foot

axiso (i .e. t hession/eaessorkiguradsieods one stich prasthegis.



Figure 3: Carbontfiber foot prosthesis. Note its relative complianic bending about the coronal axis.

The free range of motion customarily given for the ankle joint in dorsiflexion is around
10° to 20°, and that for plantarflexion ranges from 20° td;5ffictly speaking, these values are
for the entire foo{including the freedom in this direction added by the subtalar and transverse
tarsal joints to that of the true ankle joint), and when the ankle joint is isolated, its freedom
affords 10° of dorsiflexion and 20° of plantarflexforA minimum functional raageof 10° of
dorsiflexion (from all joints) is required for ambulatiafthout significant gait problems or

injury®. Interestingly, the range of motion for dorsiflexion is slightly reduced when the knee is in

! Levangie, Pamela K., Cynthia C. Norkin, and Pamela K. Legadgint Structure and Function: A
Comprehensive AnalysiBhiladelphia: F.A. Davis, 2011. Prjpt 464

8 Levangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgiet Structure and Function: A
Comprehensive AnalysiBhiladelphia: F.A. Davi€£011. Printp. 465

9 Levangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgiet Structure and Function: A
Comprehensive AnalysiBhiladelphia: F.A. Davis, 2011. Pript 465



extension (i.e. leg straightened) as comparit that when the knee is in flexion (i.e. leg

bent)?®.

Despite the importance of sagittal rotation to general ambulation, ankle injuries rarely
occur in excessive pudorsiflexion or plantarflexionpureplantarflexion injuries areare
(anecdotally, thir main cause is whemme kicks a solid object with toes pointing downwards,
mistaking it for a ball that is to be kicked with a precise soccet¥ckowever, if one kicked a
movable object like a soccer ball in this position, no injury would resultcanstraining
plantarflexion before this position could be reached would inhibit kicking accuracy; whether or
not to attempt to constrain it likely depends on how close it is to the envelope of,injuaty
puredorsiflexion injuries seem likely only in 1alfrom great height, being likewise
unreferenced in the literaturé. ndeed, some dorsifl exion -actuall
load-bearing capacity. However, when rotation in the sagittal plane is coupled with another
rotation(principally invasion, as discussed belgwnjury becomes more liketyhan when
rotation in the sagittal plane is neutrdlis then not immediately apparent whether constraints
should exist in the range encompassing pure dorsiflexion and plantarflexion, or whether
corstraint should exist only when another joint motion (inversion/eversion or transverse rotation)
is added.Givenanecdotes of injury from a kick to, & may be preferable to prevent high

plantarflexion/dorsiflexion than merely to guard against any sulesge@xcessive

101 evangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgigt Structure and Function: A
Comprehensive AnalysiBhiladelphia: F.A. Davis, 2011. Pript, 467

1"Rupture of the Jointapsule at the Front of the Ankle Joint." SportNetDoc.DK. Web. 22 Aug. 2015.
<http://www.sportnetdoc.com/fo@nkle/ruptureof-the-joint-capsuleat-the-front-of-the-anklejoint>.

121 evangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levaidgiet Structure and Function: A
Comprehensive AnalysiBhiladelphia: F.A. Davis, 201Print, p. 465



inversion/eversion, even though it is the latter that will do the damage, due to constraints in the

rate or precision of lockup.

This brings the study of the ankl eds const
protection: inversion aneversion, which are rotations involving the subtalar j@irictly
speaking, these gross, higldgupled motions are known as supination and pronation: supination
contains the inversion component of rotation in the frontal plane, plus other compandnts,
pronation likewise consists of the eversion component plus other rotatiomgever, these
motions are more commonly referenced by their fropl@he components (i.e. as
inversion/eversion) than as supination and pronatlanlack of consistent n@nclature is an

irritant to some commentatd?s Figure4 illustrates these two modes.

Figure 4: Inversion entails rotatinghe outer edge of the foot down; eversion is the opposite. Image séurce:

The foot complex also sees a modicum of rotation in the transverse pignee5

depicts this mode, using the nomenclature assigneda® liesolved into the transverse plane,

13 Levangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgiet Structure and Function: A
Comprehensive AnalysiBhiladelphia: F.A. Davis, 2011. Primt. 449

1mage sourcehttp://www.courses.vcu.edu/DANC29ID3/ankle_moinev_copyg



abduction(sometimes called lateral axial rotatios}he outward rotatiorcomponentadduction

(sometimes called medial axial rotatiaghginward.

The kinematics of foot pronation and supination are vastly more complicated than those
of dorsiflexion and plantarflexion, for the former two are strongly coupled with transverse
rotation (as well as some dorsiflexion or plantarflexion), whereas franilebie and
plantarflexion can occur with very little coupling. Herein lies the inherent kinematic complexity
of the ankle joint.The complexity only intensifies when one considers that the ankle has

somewhat different coupling when it is weidigaringcompared with when it is nSt

adduction

Figure 5: Abduction (outward rotation) and adduction (inward rotation) of the ankle complex relative to a stationary leg.

15 Levangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgiet Structure and Function: A
Comprehensive AnalysiBhiladelphia: F.A. Davis, 2011. Primt. 448
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Figure 6: Nomenclature of initial plane®r the freedoms of theuman ankle complex. Note that rotation in one mode is never

perfectly confined to the plane therewith associated (especially for inversion/evétsion).

While it is important to note that this motidimiting device could be adapted newany
other joints, advising experts commend the asklletalar complex to the writer for its current
vulnerability, comparable only to that of the knee joint. Additionally, the kio#e possesses a
greater range of motion and experiences greater mooeatings than does the ankle, both of
which are likely to render the development of a protective strategy for it more diffianlfor
the ankle Finally, players often rest upon one knee (or frequently land thereon); hence, a
protective device for therlee must also be comfortable in this position and capable of bearing

significant fraction of the playerds weight

Basic Angular Limits.

Treating the abovdescribed modes of ankle rotation as uncoupled and thehxes
rotation as nomotating during throughout the range of motion of the ankle, average ranges for
safe movement without injury and needed freedom for most athletic endeavors have been

calculated Eventhe average values vary from one source to anahdrideally at least the safe

1% Image sourcehttp://www.insolepro.co.uk/biomechanics.html
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range for each relevant degree of freedom would be calculated for each individual athlete (then,
the designer would extrapolate framsto calculate the angle at which lockup should begn,
wherethe end of the neededcerdom for athletic performance would be reachétte that a

rotation from neutral along one axis can change the angle of onset of danger for another

rotational mode.

Individualization Concerns.

A manufacturing technique that allows interchanging géstsnstance, the force
regulator, the shoe, and the connection to the upper leg) would beassefobuld
accommodate natural variations not only in leg and foot sizes but also safe range of motion for
athleteqwhich might be a highWndividualizedfunction of previous injury history, limb shapes,

stretching regimes, etc.)

The sponsor also rightly distrusts electrasystem elementisensorsprocessorsand
force actuators) as they may not be reliable. Also, no convenntigble actuator cdd
produce enough force to itself resist an adul
in a run; however, i1itds conceivable that a | o
be engagedven with a very light servomotolf the apprach outlined in this thesis fails, future

researchers could investigate this 6electroni

Current Protection Devices.

The simplest protection strategy consists of binding the atkdavever, as discussed
above, it is often insfitient to protect against injury, and may be counterproductive to an extent
since it weakens the muscles that stabilize the ankle against injury. Plus, its linear response

yields unnecessary restriction inside the safe zone.

12



Orthotics, largely intendet assist or protect the joints of alreadjured patients, also
deserve attentionSome interest in orthotics that can be customized to the individual has
prompted CRP Technologto research ankle orthotics that can be cugtomted for each
individud by the expensive but precise 3D printing technology of Selective Laser Sintering
(SLS). SLS technology traditionally utilizes nylon powder, but for greater strength in orthoses,
CRP Technology also has developed relatively strong and stiff materi&s$oprinting that
use chopped, unaligned carbon fiber and polyamitfaile this reinforcement is somewhat of an
improvement over unreinforced nylon, the resulting mechanical properties are still vastly inferior
to those of composite parts made by tradail layup techniques because the procasgsot use
sufficiently-long fibers to maximize matrikiber adhesion, and the fibers canbetaligned in
load directions.Ultimately, the orthosis is presumably intended to have high constant stiffness to
enablerehabilitation of an injured joint, not variable stiffness to promote safety and high

performance in a healthy joinEigure7 shows a sample ankle orthosis developed by CRP.

17 »The New Frontier in Generative Orthotic€RP Technology 3D Printing and Additive Manufacturing Company
RSS2CRP Technology, 16 July 2014. Web. 18 Aug. 2015.

13



Figure 7: CRP Technology's ankle orthosis, custsized for each individual and then manufactured with cafitmer-

reinforced polyamide by selective laser sintering 3D printing technology,frtom

One concern with protection devices in general itssibility of simply shifting injury
locus throughout the bodfor instance, a very stiff protection device at the ankle might
completely shield it from injury during a fall in which the ankle is subjected to moments to
which it is unsuited, but these moments cdbkehbe transferred to the knee and injure it
instead Indeed, thigparticularoutcomewould probablybe worse thathe ankle injurythat was
prevented since thaneeis so complex and so crucial to basic walking defense of the
concept, however, i f knee i nj uailye, thiswolldbeh av e
the result of energy dissipated in tearing associated ankle ligaments (or even fracturing bones, as
occasionally occurs in ankle injury), and this enedgsipation mechanism could be replicated
in an artificial protection device ngineering material yielding, much@sergency bungee

cords experience significant plastic strain

8 Image sourcenttp://www.crptechnologyeu2201knewfrontier-generativeorthoticshtml
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Derived Mechanical Requirements.

Ignoring shearing, axial compressive, and axial tensile loads (none of which athletes are
likely to encounter), there atree modes of joint movement whose allotted safe operating
ranges could be exceeded: inversion/eversion, plantarflexion/dorsiflexion, and transverse
rotation. Figurel, Figure4, andFigure5 show these modes, afdblel shows some common
safe ranges of motion (in quasatic loadingfor the ankle joint. Inversion is by far the most
common source of injury, although the safe operating range for inveesids to decrease with
other joint displacement (i.e. dorsiflexion/plantarflexion and/or transverse rotalibis).
coupling of joint motions dictates an important requirement: the system must either limit
deflections in one direction differently dependungpn the instantaneous deflection in another
direction During normal walking, no joint direction is constant over any portion of the stroke,
and the axis of rotation for inversion/eversion changes with respect to the amount of
inversion/eversion; this coplicates analysis of the joint motion, although rgmty dynamics
programs have been produced that can use force and motion capture data from real people to

produce curves of joint forces, motions, instantaneous rotation centers, etc.

Tablel: Average safe and working ranges for several joint modes for the human ankle.

Joint Mode Max. Average Safe Angle

(Uncoupled!)

Dorsiflexion 10-20°1°

19 evargie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgiat Structure and
Function: A Comprehensive Analysizhiladdphia: F.A. Davis, 2011. Prinp.444, citing
numerous
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Plantarflexion 20-50%%°

Inversion 20-30%%1
Eversion 5-10°%?
Transverse Rotation ~10%3

In order to control the ankle joint, a sturdy connection must be established between the
device, the foot, and the lower leg (this assumes that the device is not directly connected to the
bone immediately surrounding the ankle, which is a reasonable assusiptie it would be
very difficult to exert an effective torque this close to the ankle). Thus, the sleeve that goes on
the lower leg should not slide or rotate relative to the leg, or it will not be able to adequately

capture the joint rotation or inhifi.

20| evangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgiet Structue and
Function: A Comprehensive Analysihiladelphia: F.A. Davis, 2011.iRt, p.444, citing
numerous

21| evangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgiet Structure and
Function: A Comprehensive Analysizhiladéphia: F.A. Davis, 201. Print p.450, citing
numerous

22| evangie, Pamela K., Cynthia C. Norkin, and Pamela K. Levadgiet Structure and
Function: A Comprehensive Analysizhiladdphia: F.A. Davis, 2011. Prinp.450, citing
numerous

23 evangie, Pamela K., Cynthia C. Nankiand Pamela K. Levangigoint Structure and
Function: A Comprehensive Analysizhiladéphia: F.A. Davis, 2011. Prinp.451, citing
numerous
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Chapter 2. Preliminary Research into StiffenupgMaterials and Systems
Abstract.

A survey of material science literature found no known materials that experience sharp
but elastic stiffening after a fixed amount of tensile strain. Most materials become less stiff with
strain (particularly as they enter a plastic region, if applicat®me foams are known to
become stiffer in largstrain, plastic compression due to increasingsattact of cells, and
some polymers havelshaped tensile stresfrain curvgsomeexperience stiffening up only in
plastic deformationothers are elomers whose stiffening upiredeedelastic but requires high
strain and is of modest magnityaehich would necessitate undesirabigh thickness in the
protective devicg however, highlycrosslinked elastomers do not even featuraré style
stiffening. Various weaves of chainmail, both extant and unique to this team, were also
investigated, but the chainmail idea was deemed impradieaio manufacturing and
computational difficulties Microstructures that experience stiffening in @himensionatension
were evaluated for stiffening in bending, but with little succéssally, a variation on Auburn
Uni vercsdiatsgds t ubul afbraided qrepositeyartfsuas investigatedsfor
stiffening in bending.While it might be feasibléo create such structures with very low initial
bending stiffnessnost tested here showed mild stiffening up at Bedivasnot very consistent

from test to test. Thus, these investigatiseseput on hold.

Introduction.

22Au st i n [Oesign bnel pnalysis of Optimal Braided Composite Lattice Strudiures
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It is easy to think of mateals that get softer after a significant amount of strain, usually
at their yield point8 ductile metals display this phenomenon, as do ductile thermoplastics.
However, any increase in material stiffness (let alone one significant enough for this applicatio
is far rarer.Many foams exhibit gradual stiffening in crushing; for instakegure8 shows
plots of stress vs. compressive strain for a certaihunderstood industrial foam. However,
foam crushing is not an ideal mode of protection for this assignment, mainly because it is highly
plastic even within the safe region, thus not only wasting energy but causing the protective

device to quickly detgorate even absent any excursions outside the safe zone.
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Figure 8: Compressive nonlinearity of conventional, rennxetic foams, taken frof25].

Hyperelastic Materials and Stiffening Behavior.

Many elastomers evinag@gnificant stiffening in tensioat high strains, often on the order
of 1 or greater However, not only is the magnitude of final to initial stiffness ratios for
elastomers unlikely to be sufficient for this application, but the transition is broadlesdpiace

over much larger strains than could easily be accomplished with a conceivable protective

25Choi, J. B. and Lakes, R. S., "Nonlinear properties of polymer cellular materials with a negative Poisson's ratio",
J. Materials Science, 27, 464884 (1992
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geometry.Figure9 shows an example stresgaincurve for an elastomer that stiffens. Such

behavior is often r efuarvreedd to coll oquially as

T T T T T T
»

%108

55F ® Uniaxial measured data N
5 »  Equibiaxial measured data
— Uniaxial test, estimated from both sets of data

AR e Equibaxial test, estimated from both sets of data 8

a
3.5

3
2.5

Mominal stress

2
15
1
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0 1 1 1 1 1 1 =
1 2 3 4 5 & 7
Stretch

Figure 9: Hyperelastic materials sometimes stiffen greatly in tension. TakeA*from

Flexible biological materials, such aebd vessels, also often haveulrve stress
responses in tension, giving them great toughaeddow energy release upon crackiagtheir
modest initial stiffnessé§ For instanceFigure10 shows the tensieresponse of human lung

tissue.

26 "Obtaining Material Data for Structural Mechanics from MeasuremeGBMSOL Blog2015. Web. 8 Aug.
2015. <https://www.comsol.com/blogs/obtaininmateriatdatafor-structuralmechanicdfrom-measurements/>.

27 "J-Shaped CurvesTLP Library Elasticity in Biological MaterialsUniversity of Cambridge. Web. 03 Apr. 2015.
<http://www.doitpoms.ac.ukfplib/bioelasticity/;shapeecurves.php>.
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Figure 10: Tensionstiffening behavior of lung tissue samples at moderate strains. This is reminiscent of the behavior of

syntheticelastomers. Taken fréfh

Also, many elastomers stiffen in compression after a modicum of deformation due to
their high Poissonés ratios &igukllshowsra&enipondi ng

model of a specific elastomerdés mechanical be

Z2AA distributed nonlinear model of | ung tJousalafe el asti ci
Applied Physiologyublished 1 January 1997 Vol. 82 no. 1,432
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Figure 11: Yeoh model for an elastomer showing rapid stiffening after around 0.3 straampression. Taken froth

Elastomers exhibit other complexities besides mere teissifd@ning and plasticity,
including viscoelastic effects and the Mullins Effect, whereby the material is dramatically more
compliant the second and subsequent titnesters a stress region (i.e. in cyclic loading and
unloading) although this effect does not really apply to thorougingsslinked elastome¥s
These effects do not necessarily render them unsuitable for the protective application, but they

might conplicate design.

Solid Rubber ASockepTested for Stiffening

29 AMSC.Software: WhitepaperNonlinearFinite Element Analysis of Elastomer®
http://www.mscsoftware.com/Submitt€€bntent/Resources/WP_Nonlinear FEfastomers.pdf
30 AMSC.Software: WhitepaperNonlinear Finite Element Analysis of Elastomer§
http://www.mscsoftware.com/Submitt€Zbntent/Rsources/WP_Nonlinear FEAlastomers.pdf
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A quick FEA of an elastomer having some stiffening behavior after compressional and
tensile strain was conducted to determine if these material properties alone (absent any special
geometry)cal d confer stiffening up. A fnl ego was
about an axis enclosed by a cylinder of elastomer. The analysis wastgtiasiwith
viscoelasticity of the rubber and friction in the contact ignored; the material neettvas the
3-order Yeoh model, with certain coefficients that conferred stiffening up in tension and
compression Graphl shows the material respse of the '8-order Yeoh model with the specific
coefficients used in this study.

Uniaxial stretch with K=2180 GPa
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Graph1: 3rd-order Yeoh material model's response to uniaxial tension and compression plotted with the coefficients used in this

study (along witlseveral other potential elastomeric material models with similar behavior).

Also, rubber self contact along the outer edge was to be checked for (in case complicated

buckling brought the outer surface into contact with itséffjure12 shows the geometry, mesh
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(consisting of %-order, mixed tP formulation, hexahedral elements) and #fl egod r ot at

direction of this simple simulation.

Initially, using the incompressibility parameters D1, D2, and D3 of the Yeoh model all
equal to zero (as most literature shows theh® study failed to converge after the slightest leg
rotation, despite viscoelastmimicking stabilization, repeated bisection, locsgiconvergence
tolerances, aggressivelypdated contact stiffness (especially important given the huge disparity
in stiffness bet ween Thdneaghe duee todiffidulhes with thdsddo e r fis o
regions of the mesh in compression (which cdaddhearly hydrostatic, given the constraints of
the symmetry region, leg, and vertical compression effektejvever, setting the
incompressibility parameters all to 1-2& allowed relatively easy convergendes shown in
Graph2, there was indeed some stifferiag behavior in the moment reaction required of the
leg to rotate (although the data was surprisingly noisy, with a consistent tendeincividual
points to jump towards zero moment reaction); however, it was not nearly as sudden as desired,
nor indeed as sudden as the elastomer modelled stiffens in either uniaxial compression or
tension. Despite the near incompressibility of the elastatsevery low shear stiffness likely
allowed stresses to spread to areas of the sock not directly contacting the leg, thereby reducing
the concentration of uniaxial tensile and compressive stresses that could provoke stiffening; a

contour plot of von Miss stress is shown Figure13.
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Figure 12: Thick rubber sleeve to be tested in FEA for gross stiffening in bending.
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Figure 13: Plots of von Mises stress for the rubber sock, after 12.5° of leg rotation.
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Graph2: Moment reaction for solid rubber sock. Note that the scatter in the data appears biased consistentlyzenvaeaifsl
thus the boundary of the data (which can easily be fit with a separate polynomial) may be the most accurate relatioaship betw

moment and angular rotation.
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Though this geometry was unsatisfactory, it may be that a-coonglicated geometry
cortaining rubber could prove an answer to this question; an interested reader may want to skip

toChaptedon t he fAannul ar combo concept.

Chainmail Weaves.

Chainmail is a textile traditionally constructed of interlocking metallic links. In medieval
times,it was used for relativelflexible armor, and it is still employed as a glove material by
butchers who work with very sharp knives. Due to the axial and bending stiffness of chainmail
links, most chainmail weaves possess features rarely seen in tesxgjigBcant compressive
stiffness, resistance to bditlg, and, most appealing of all, bending stiffness that begins after a
zerostiffness regime. At the level of individual links, this behavior results from contacts
between links that can be interragt(and, when most contacts are open, the links have enough
kinematic freedom to give the overall weave low or zero stiffness), or that can stably hold links

(inhibiting global buckling).

While the geometric complexity of chainmail poses obvious difiiesiftor both design
and manufacture of weaves, the mechaslike) low-initial-stiffness behavior combined with
the potential for high podockup stiffness made chainmail initially appear an attractive domain
of research. Unfortunately, no existing resbanto the mechanics of chainmail that treat the
contacts between individual links is known; the only mention of it in literature treats the fabric
largely as a network array of linked joints, which of course has no initial kinematic freedom.
However, anodicum of researcl8[] exists into the computational techniques required to

produce a chainmail mesh that conforms to complex georfietrinstance, the human body).

31 Efficient Three Dimensional Modelling of Additive Manufactured Textile Structures
G. A. Bingham
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Il n a related vein, a company has dejoirgedoped
rigid bodies by modelling the fabric elements with +&ale rigid-body dynamics and then
printing them with SLS. However, the joints are mwoealitional revolute joints rather than the

arbitrary andnterruptiblecontacts to be established besnesolid maille ring%.

These weaves are manufactured by plastically bending circular, metal links open and
closed, a time&onsuming process that has yet to be mechanized. Open links have much lower
stiffness against radial loads than links that have nedded closed, but steel links can
subsequently be welded closed by laser to improve link radial and bending stiffness by a semi
automatic proce$é Given their unfavorable stiffness-weight ratios relative to composites,
metals are not the ideal magé for this application, but perhaps a gluing process could be
substituted for bending and welding metal links to allow chainmail links to be made of-carbon

fiber-reinforced polymer.

To this end, existing chainmail weaves sourced from hobbyists wermépgcted, with
most being twedimensional sheets (that is, while they might have multiplgsrthrough their
thicknesses, the weave can be extended in only two dimensions, not three), but a couple being
solely onedimensional chainsNearly all weaveshowed some freedom in uniaxial tension and
(unlike traditional fabricstompression, followed by stiffening as contact between links engaged
the radial and bending stiffness of the ringlanar weaves also saw some limited freedom-in in
plane shear Intriguingly, one linear weave saw a clear transitiofending stiffness, going

from kinematic behavior in which links experienced almost no elastic strain, to elastic behavior

32 http://n-e-r-v-o-u-
s.com/blog/?p=6644&utm_source=feedburner&utm_medium=fegm&campaign=Feed%3A+NervousSystem+%
28Nervous+System+explorations+in+generative+design+and+natural+phenomena%29

33 http:/ftheringlord.com/cart/shopdisplayproducts.asp?id=164&
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as contacts restricted link freedom and transferred loads to thierre the links were made of
metal, the overall structure would then become quite stiff. Howaweg of the planar weaves
exhibited the desired stiffening behavior in bending. Since this might have been due to
excessivelylarge clearances betweeniagrical rings unlinked rings of various ratios of inner

to outer diameters were ordered, and some basic watteagptedvith rings of thicker sweep
crosssection relative to the diameter of the sweeping circle, but unfortunately these too failed to

produce the desired bending lockup.

The failure of these basic weaves was thought to be due to the lack of constraint on rings
sliding past each other due to their simple toroidal shapek.geometries with curves of
changing curvature could allow links $bde in-plane inside a certain window, then forbid
further sliding (or direct it in another direction); in turn, since gross bending of the structure
should require rotation of individual links, gross bending could translate to local link sliding,
which would need to be constrained by appropriate link geom@inys, link geometries were
generated in CAby sweeping circular profiles not along simple circular pathsaloumty
regular curves generated with parametric equatongining mainly sinusoidérms note that
the curves also had to interlock to prevent the fabric from falling apart (this made geometry
generation somewhat more difficulth\s for the rule for patterning links, it was initially deemed
preferable to use a simple geometric tesseligsuch as clospacked rectangular or hexagonal
patterns) rather than an arbitrary one that might demand a multiplicity of link designs for fabric
stability. Grantedjn the final product, each link might need a different initial geometry from its
neighbors to produce the proper conformation to the leg and lockup properties ankle joint
however, this mighstill be accomplished with relatively simple tessellation, and, at any rate, it

was necessary to first prove that the chainmail concepd stiffen in gross bending.
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The first chainmail pattern generated is renderdeéigare14; a single link geometry was
patterned in a square packing. As showhRigurel5, the structure had some initial freedom in
both biaxial compression and biaxial tension before it locked up. Moreover, as illustrated in
Figurel6, theentire structure could bend virtually freely until link geometry produced lockup at
a constant curvature. As might be expected from the fourfold rotational symmetry of the weave,

the radii of curvature for lockup at 0° and 90° angles seemed the same.

Figure 14: Rendering of square chainmail pattern developed by this researcher.
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Figure 15: One chainmail weave produced by SLS in planar, biaxial compression (left) and tension (right) until stiffness is

encountered (whereupon the structure still has some compliance).
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Figure 16: Bending the fabric until resistance ("locip") is encountered.

Figure17: Another chainmail weave (with metal rings manualiigled in an attempt to decrease bending freedom before

lockup). The weave has been compressed biaxiafijaime to the maximum extent of the rings' kinematic freedoms.
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Figure 18: The same chainmail weave as above, but expabidedlly in-plane to the maximum kinematic extent.

Figure 19: Same chainmail weave as above, bent to the maximum kinematic extent about an axis parallel to the horizontal.
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Figure 20: Same weave as ab®, bent to maximum kinematic extent about a diagonal axis (this direction gave more freedom

before kinematic lockup).

While these chainmail weaves did indeed stiffen up from neary bending stiffness,
they were far from the solution to the problensgd by the sponsanainly because the
individual links were themselves fairly compliant and thus could not precipitate a high final
stiffness. Beyond this, both weawegerienced far more bending before lockup than the ankle
protection problem could allow. Consequently, the individual links needed to be given much
more radial stiffness and see modifications to the main curves that control link sliding to ensure
fasterlockup. To this end, the square array was given-ikssnemberdor added radial
stiffness; of note, those on the top had to be curved into a swhistilshape to avoid interfering
with the freedom of the sliding faces of the ringsgure21 shows a rendering of this second
iteration of the chainmail design, with the sliding portion of the rings painted red and the
reinforcing members painted lgfthese would be 3D printed as one single part, however, with

no material differences indicated by render color).
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Figure 21: Proposed alteration to a chainmail weave, with added curved beams in blue for increased link siiffreegs

altering kinematic compatibility much.

Some highlyoutlandish designs involving cams on the bdide features defining the
link that could not only restrict sliding to within a definite range but even cause sympathetic
deformations (that were acipated to be incompatible with surrounding links, thereby causing
lockup that might even be intensified in stiffness by auxéteclocal densification) were also
generated before it was realized that these would be difficult to fabricate even bydS&ran
time-consuming to generatd.hese geometries were modifications of a structural mechanism

based on the 4R Bennett spatial mechanism that could expand from a sheet into a cylinder that
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was developed ir3H], but with some joints removed and an inbeking structure generated
instead that should give the structure initial freedom in multiple modes, including tension and

compression; renderings of this geometry are showigure22. Figure23 shows a modified

version of this geometry with special cams that should further restrict motion.

“ADesign of Structural Mechani smso by Yan Chen
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Figure222 A St rnueccthuarnails m chai nmail 06 based on removing joints from
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Figure23: Yellowb | ue anaglyph stereosanegihani esmd erhian g mafi | s twi u dit wrdalle d

Ultimately, the concept of the linear comb (described in Chapter 3) seemed much more
promising than chainmail for its relative ease of manufacture and design, and thus the chainmail
concept was abandoned without being fully investigated. That said,geesexoflesigning
and manufacturing even simple chainmail weaves, let alone those that lock up under the
complicated cylindrical boundary conditions of the-prgtection problem, will probably prevent

this idea from being applied to the problem.
Layup-Varying Approaches.

It is well knownthatthe anisotropy of higistrength fibers can be exploited to produce

coupled deformatianwith an input deformation; the primary application of this property is to
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aircraft wings thatregivenasympathetic countewvist in response to vibratory excitement in a
bending modén order to alter their shape in an orthogonal direction after bending (which in turn
gives different aerodynamic properti&s)Coupled deformations can also be achieved through
complex network®ef beams of isotropic materials having crgsstions biased towards higher
bending stiffness in one direction than in another (e.g. withcanss sectiof§ However, this
sympathetic force has not been stated to produce nonlinearity in thelésleeion relationship

of the main bending mode; thus, it was interesting to see if nonlinearity could indeed be

produced thus.

To this end, &ylindrical tube was modelled in FEA as@mposite layup havinfiper
orientations that varied according to a poveer (producing significant differences over the
radius of the tube, without the randomness of orientation that would actually approximate
isotropy). The overall geometry, with fiber orientation superimposed, is shavigure24. Of
note, actual aircraft wings tailored thus also tend to have significant variations in fiber angles
over their geometries, just as the solution to the ankle protguidxhem might require
significant variation in some property over the geometric domain (however, this hardly proves
that the aeroelastic concept can be adapted to this application). Some examples of complicated

layup orientation variations in the geomettiomain can be found neferenced7.

®fiAer oel astTheoryFraadtoira v,g and Promiseo, M.H. Shirk, T.
¥fiAeroel astic Tailoring of the NASA Common Research

J .
Mo ¢

i Aer oel astTihe oTrai,| dPrriarcg i c e, an Hert?and ToA. Weisshaar,I9861. Shi r k,
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Figure 24: FEA model of a cylindrical tube (the body of which is shaded deep blue) with meaningful angular fiber angle

variation, shown with short green arrows.

When the abovshown composi tube was cantilevered at one end and subjected to a
bending force in one plane in the otlwith no constraint on out of plane motion, nor any force
out of planeand analyzed in a largeflection static analysithe beam accordingly experienced
coupkd deformation, resulting in a sympathetic-ofsplane bending moment as shown in
Figure25. Unfortunately, the relationship between applied fore @eflection in the direction
(i.e. that of the applied force, not the coupled direction) was highly linear. This suggests that it is
difficult if not impossibleto obtain nonlinear stiffness behavior from anisotropic but linearly

elastic materials, @n with concerted orientations. Thus, research into this subject was dropped.
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Figure 25: Sympathetic bending behavior of the composite tube with a complex layup. Note that the only bending force applied

was vertically orientedh they direction; thex displacement is solely the result of deflection coupling.

Large Deflection of Composite Beam
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Graph3: Force-deflection (resolved ig axis, as shown in the previous figure) response for the composite tube. Despite the

deformation coupling, the overall response was linear in magnitude.

Auburn University Composite Open Structures.

Researchers at Auburn University have pioneered apémsive method of

manufacturing composite beams with superior stiffiessass ratios compared with saolid
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crosssection (or even honeycondored) beams, in which prepreg and carbbar yarns are
braided around a mandrel and then cured, solidifying migttbe matrix around the carbon
fibers, but also bonding yarns to each other. A modification to the braiding regime instead
produces a compliant, springy structure that has limited stiffness in bendiiyp aneésser
extent, given the proper weawial compression/tensiothis configuration is known as a
biaxial braid (in which all axial members are removed fronTithe rtriaxéalo braid also
developed at Aubujn Figure26 shows an exampléiaxial braid that has moderate bending
compliance, anérigure27 shows a mucistiffer i t ftriavealo braid for comparisofnote its
numerous axial fibers that strongly inhibit bendingjgure28 andFigure29 show the high
axial and bending compliance of gparticularlycompliant 8x8 weave (note thaibxial weaves

produced on our machinery must have carriers in a multiple of 12 for evengm®yvera
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Figure 26: Generic biaxial braidof cured carborfiber prepreg This particular braid was formed over a mandrel with

rectangular crosssection although most studied had circular cressctions

Figure 27: A truetriaxial weave that is quite stiff in bending thanks to its axial yarns.
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Figure 28: These braids have significant axial compliance, much like a spring. Left: compressed axially, right: original,

undeformed.Below, find this braid in bending.

Figure 29: Openstructure braids also have significant bending compliance.
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Given Auburnds expertise concerning open
investigate whether any braiding cmufration could produce a significant and rapid stiffening
effect. Some structures indeed saw modest stiffening in bending (albeit only when bent to much
greater curvature than would be needed for protecting human joints), but no structure appeared to
rapdly and strongly lock up. Plus, repeatability (between tests and between sections of the same
braid) was poor. The precise caus¢hef moderatstiffening effect seen in some braids is
unknown: potential causes inclueiects from reorientation of theghly-anisotropic carbon
fiber yarns such that the bending load path is better aligned with the stiff direction of the fiber,
and also perhaps warp and weft yarns having limited freedom to rotate relative to each other.
This latter phenomenon would sfexally cause the braids to stiffen in gross compression, and
might be expected to cause stiffening in gross bending since some regions of the braid will be in
effective axial compressiorGraph4 andGraph5 show axial compression tests of two braids,
the formerof which did not appear to stiffen compression, thiatterof which did Indeed, in a
subsequent forpoint bending testhis braid also had some stiffening in bendjagleast at
first, before softening precipitouslyas shown ifGraph6. Graph7 andGraph8 show force
deflection curves for tlee and fourpoint bending of two otkr open structure braids and
corresponding regressiotigat show a mild stiffening effect, at least for part of the deformation
range. Note that plenty of braids tested showed softening effects from the onset, and their

deflection curves were not includad they were not interesting.
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Axial Compression of 1.16" 12x12 Biaxial 4Tube
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Graph4: Force-displacement curve for axial compression of a short sectior10f hiaxial-weave tube. Note that the relation

is highly linear.

Axial Compression of 3" Tube (High Braid Angle)
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Graph5: Axial compressionf highbraid-angle tube. It stiffened by 8.75x over the entire range, although simple bending is not

likely to entail so much compression, and anyways the data were quite noisy.
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Increased Bending Range

140

120

Graph6: Four-pointbending test results from tl3e0  kbraig-angle tube (whose response to axial compression is shown in
the previous figure). The bending stiffness of the tube increased by 109% over the range circled, although it prorsgdly rever

this behavior afterwards and began to soften.
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Graph7: Four-pointbending test of 1.160 inner diameter 12x12 40A tube.

ranging from 16% to 90% across the four tests, although overall there was a declineasstdfer the full test range.
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Force vs. deflection for small
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Graph8: Force-deflection curve for foupointb endi ng test of open structure biaxial
diameter. The test was repeated four times, with the first seeing a stiffoemase of 206%, the second a 79% increase, the

third a 149% increase, and the fourth a 129% increase (after smoothing with fitting parabolas).

Two sandwiches of braids were also investigated in bending. Both had inner cores with
high braid angles tgive high radial stiffness, preventing the outer bfaitlich had a low braid
angle)from experiencing shell buckling (whietas otherwise a common occurrengegn in
bending, for biaxial braids with low braid angles). The inner braid was first braidad o
mandrel, then the outer braid produced on top of the inner braid, and then the structure was cured
and removed from the mandre&kraph9 shows the bending response of the-fvaot sandwich,

andGraphl0the response dhe threecomponent sandwich.
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Force vs. deflection for small
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Graph9: Four-point bending test of a sandwich consisting of a core with a high braid angle and a jacket with a low braid angle.
Areas of apparent yielding (or perhaps sudden slippage in the test fixture) are circled in greéni The i ng par abol ads s

saw an increase of 68.9% over the entire range.
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Triple Sandwich
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Graph10: Four-pointbending test of sandwich consisting of {braid-angle inner and outer braids and hidinaid-angle

central braid. The test was permed three times.

Many of he braids also showed unusual mechanical behavior: bending about one axis
often produced a fisy mp aihglamuta difierent axisThepmioggd t or s i
common coupled behavi or waskapakssmbingletarctangentc 6 di s
function, as shown iigure30 (although this greatly exaggerates the magnitude of the coupled
deformation).Thissa me phenomenon i s expl @&s$desrbedintheilaer oe
previous section in this chaptém which deformatiorcoupling is employed to control flutter in
aircraft wings. However, there is no obvious way to exploit this phenomenordiacprany

change in bending stiffness, let alone a suitabigrp one.
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Figure 30: General shape of sympathetic bending in biaxial tubes.

Given the high initial stiffness of these braids and the moderate magnitude of the
stiffening effect that even the best showed, this approach was abandoned. However, this
researcher observed that, unlike fitrue triaxi
significant bending compliance when joints between yarns were unglued: thsdbelpgeared
principally to be the result of sliding between yanukich gave a mechanislike quality to the
braid (although some axial yarns also appeared to experience elastic bending). Previous braids
were primarily jacketed with tufted nylon to imgve bonding between yarns (which
correspondingly increased sliding friction and stiction coefficients between the yarns), so, to
promote this sliding, the jacket was replaced with Teflon® fibers, and experimentation with

weaves that would allow sliding tm extent and then lock up was undertaken.
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Figure 31: Tefloncoated truetriaxial braid. Left: braid in neutral position, right: mechanidike behavior-to get to this

position from neutral, it takes almost no farcBubsguently, the braid has more bending stiffness.

The compliant triaxial structure also experienced sympathetic, coupled deformation:

bending along a single neutral axis produced a complicated curve that is sketéiyeddaB2.

Figure 32:Rough shape of coupled deformation of triaxial tube in bending.

AMIi crotrusso Structure.
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Some closehguarded research appears tmbeurringinto the use of very small
compliant mechanisms oriented into arrays that give special macromechanical propeities
Amechani cal .MRa insancaat3b netwark of reentrant hexagons has been
designed to produce a material having auxatiperties in all 3 dimensiotfs much as 2D
networks of reentrant hexagons produce a structure with auxeticity in the Blaméarly, a se
called Apentamoded metamateri al having a very
modulus has been developed from conical beams with complianf§oiBts far, there is no
known research into producing the specific propertstiffiening with respect to deformation
(especially bending deformation), butvas thought thaa material geometry that stiffens up
when the overall material is in bending could be developed by first creating-tikeusstwork
(as in the metamatergahbove) and then introducing interrupted contacts that only engage after
sufficient leg movement, which would probably entail stiffening the individual members in
tension or compression rather than bending. This would in significantly stiffen the overall
structure by limiting force paths. If interrupted contacts in truss elements proved successful in
producing stiffening up in bending, the structure could be optimized with one of several well
understood optimization methodBigure 33 shows a rendering of the overall concept, although
the beams have not been given the precise geometry that would allow them to stiffen in

compression and/or tension.

38 fiTailored 3D Mechanical Metamaterials Made by fiDirectLaserWriting Optical Lithographg
39 http://arxiv.org/ftp/arxiv/papers/1203/1203.1481.pdf
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position as dict: ated
by

Figure33: Rendering of the O6microtrusso6 concept, with the envelo

grey. The precise geometry that would produce lockup

Geometrically speaking, the simplest modificatiom toasic trusk®ased metamaterial
(for instancemodifying the metamaterial iRigure34, which is the trivial case of the idea and
does not have any spial propertiesjvould be to replace some or all of the links with two links
joined by cylindrical or translational joints whose axis would lie on the line between their two
endpoints, as sketchedkigure35. Stops (governed by the lengths of the translating members)
would cause the joint to stiffen instantly in compression or tension after a set amount of
displacement, which might have to vary widspect to some geometrical parameters over the
volume of the metamaterial. If enough joints locked up in this way, it would eliminate the
kinematic freedom of the structure; however, given its low volumetric density and the fact that it

would probably hve to be 3D printed out of plastic, the lockgristructure might still have
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insufficient stiffness.Admittedly, if the beams enter a lardeformation bending regime, the
constraint afforded by simple translational joints could become incompatiblel{efee lockup
was desired), so the joint geometry might need to be modified with tangentatiycting
followers instead As for the ideal joints at link intersections, it may be that they should be
connected with spherical joints in 3D or revolutenfeiin 2D (as in a true truss), or it may be that

they should be cantilevered together (as in a framework pgeust).

Figure 34: A basic metamaterial with no special propertfgsvial case) It is to be modified into emetamaterial that stiffens

after some bending.
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Figure 35: A drawing illustrating how one link of the metamaterial might be separated into two separate links connected by a
cylindrical (or translational) joint, the two halves ohigh are drawn in red and black. Replacing many to all of the links with
such translational joints (with maximum and minimum stops set independently depending on the stfffpoingdesired)

would be one implementation of the microtruss idea.

Tocalw| ate the transl ational <c¢clearances that
by setting maximum and minimum stop positions for the translational joints, a simple FEA study
of atruss system having a square base and two lexadsconductedThe jointswere pinned,
not cantilevered, and the truss was not overconstrginédact, there might be some advantage
in overconstraining the microtruss with extra members). The indilallystructure was given an
arbitrary displacement boundary condition ofgizolic shape on the bottom edge, and the axial
strains in the members were plotted. It was
lockup at this shape, the beams in this microtruss would be replaced with translational joints,
each having we stop set to correspond to the amount of strain the elastic beams saw in the model

at this point (the other stop could be set to produce the same shape in lockup in the opposite
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direction, or a different shape if desiredhigure36 shows contours of stress, visually separated

between compression and tension.

= -1000
] -5922.7
-10845

-15768
-20691
B4 -25613 Min

Figure 36: Deformed microtruss (with bottom subjected to a parabolic displacement boundary condiiibrgeformation as
shown (not scaled). Note that colored shading indicates the member is in tension, greyscale compression. Note the slight

instability at thevery tip that puts the members in tension instead of the expected compression.

Unfortunately, the clearances required to successfully manufacture translational joints
between alreadgmall links would be very small indeed and not likely feasible evam SlS, at
least if the material is to be printed in one piece (adopting manual assembly might allow much
smaller tolerances, but this would cause a cost explosion). Consequently, it was thought
beneficial to replace the kinematic translational joints witmpliant translational jointsvhile
they have more geometric features, they do not require as much geometrical resolution to
produce Lockup would need to be accomplished by interrupted facial contacts between halves
of the joint; while it is easy torwisage how to accomplish lockup by this mechanism in
compression, to produce lockup in tension requires foongplex geometryHowever, these
joints do not have zeriaitial stiffnessand tend to have more eot-plane compliance than a
comparable kinent translational joint, so they may decrease the feasible stiffepngtio

that can be obtained. Beyond this, as showkigare37, they tend to consume significant
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physical real estate (in order to accommodate long beams that will be compliant in bending about

one axis).

Figure 37: Instead of using kinematic joints (which require small clearances thaovieudlifficult to manufacture and might

jam easily), translational freedom could be approximated with a compliant translational joint such as this one, shown in the
context of a microtruss. The joint is naturally limited in its compressive freedom Bytliatevill contact each other after a set
amount of compression. However, it must be noted that the small beams making up the joint have been made long to give the
joint low initial stiffness; if these are shortened (as they must be to accommodatefrieamy m a truss structure), the joint will

naturally become stiffer.

One other potential stiffeniagp mechanisms conceived of was to produce very small
tooth-like appendages normal to the length of the constituent beams of the metamaterial; they

shouldhave a small initial gap between them, and as the beam curves in bending (which, of note,
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it would do only if the beam joints were cantilevered fairly firmly as in a frame, rather than free

to rotate as in a true truss), the teeth would be brought intacovith each other, transferring

moment to the beam and stiffening the beam (ergo, hopefully, the entire structure) significantly.

The proposed geometry is renderedrigure38; note that the absence of translational joints here

is not intended to imply that the concept could not employ selective translational freedom (as
suggested above) in addition to the selfitacting principle outlined in thgaragraph. While

the entire microtruss concept was soon dropped for its extreme complexity of manufacture and
design, this interrupted tooth concept was carried over with interest into the next chapter, where

it became t he nc o miptdodatethatdemponstrated kignifichnt stifferingc o n c e

up in bending.

Figure 38: A single frame from the microtruss concept modified with teeth to stiffen it suddenly when the beams to which teeth

are attached curve in bending.

As an aside, a similar concept to the one above, a 2D microstructured material that
stiffens in tension through the action of numerous small compliant mechanisms, was developed

in Chapter 5 and applied to the dfdenmafegikear ¢ omb
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spherical joint. Unfortunately, despite the 10x magnitude of tensile stiffness increase obtained
for the metamaterial itself (plus the addition of interrupted self contact between teeth like those
shown in the above figure), the overall stire had poor performance overall and was dropped

from investigation.
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Chapter3. InterruptedContact, 1D C o oddased Systems.

Abstract.

A relatively-simple geometry is disclosed featuring a backbone that may be straight or
curvedwithp er pendi cul ar protrusi ons. Il n bendi ng,
system is initially relatively compliant; after a certain amount of deflection, the backbone brings
the teeth into contact, producing gredtigreased bending stiffness. pstem of mechanical
joints to engage the combdés bending with actu
effects of basic comb parameters, including tooth length, the gap between teeth, and the shape of
the backbone (linear vs. cunédavhich imposes anstraints on tooth shape as a function of
backbone curvature) on mechanical properties before and after the onset of stiffening are also
investigated. Finally, efforts to optimize pdstkup stiffness with respect to weight (via

composite reinforcemendre discussed.

Introduction.

The comb approach is a sort of compliant mechanism (as the backbone experiences
moderate deflection, usually in a regime similar to that of a simple beam in Eulerian bending)
that also incorporates the geometricaiterruped contact of chainmail to produce increases in
stiffness. Unlike chainmail, however, the geometry is much simpler to model and
analyze/optimize under load, and manufacturing prototypes is vastly easier than producing the

intricate chainmail link shapes.
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Geometry of a Linear Comb.

Figure39shows an earlfinite-element modedf a simple, lineabackbone comb, with

the nomenclaturased in this thesis highlighted. = reiene i

Comb tooth Comb backbone

Figure 39: Nomenclature used to describe geometry of a linear comb.

il

Figure 40: 4-point bending boundary conditions for quasistatieA.

In pure, 4point bending (with boundary conditions showrigure40), Figure
41 shows the von Mises stress contaummediately before and after the deflection at witiah
teeth lock up note the constant radio$ curvature of the backbone (ergo all teeth lock up at
exatly the same point), and note how contours of stress slowly enter the teeth even before

lockup.
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Figure41: FEA on a simple, linear comb immediately before (above) and after (below) tooth lockup.

Preliminary FEA easily confirmthat the comb structure sees a sharp increase in overall
bending stiffness once enough bending is achieved to produce tooth ceittatite above
combds bendi ng sGrapHli mot that the dtiffness post lackup stiffniess

increases quite sharply to attain 51x the original stiffness
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4-point Bending: Deflection vs. Bending Moment
12
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2
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Moment applied on each end [[Nm]]

Graph11: The first FEA comb model ingoint bending.

Graphl2andFigure42 show an FEA investigation of a different tooth profiket this
time, it was believed that tooth shape, particularly as regards attachment to the backbone, would
have a significant impact gare-lockup and postockup comb stiffness in our final desighEA
doesindicate that tooth shapmssome effects on the stiffening ratia However, the
constraints othewidth of protrusion off from the leghe low angle at lockup (i.bigh radis
of curvature of the lockedp coml), andlimited 3D printing precision appear to render the fine

details of tooth shape irrelevamwtthis projecteven thouglthey are mechanically significant.
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Figure 42: Contours of von Misestress of a comb with a trapezoidal tooth profile immediately after tooth lockup
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Graph12: Bending moment of a trapezoidalothed comb before and after lockup, at which point stiffness increases to 119x pre
lockup stiffness. Rrlockup stiffnes is in turn38% lower than that of the rectangurothed comb, even though both have the

same backbone thickness.

Convinced of the stiffeningp effect of a linear comb, this author began to produce
combsin a nylon copolymer calleflaulman 618 on a fused freeform fabricat{iéfF) 3D

printer. As discussed in the chapter on 3D printing techniques, this is an economical yet versatile
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setup that seems wedlited to printing moderatelyomplex geometries in flexible yet tough

nylon.
First Test Fixture.

It would be useful to quantify the bending stiffness per angle of joint rotation of a
particular comb in a given mounting arrangement before and after lockup. As discussed above,
every motion common to the healthy ankle jdiqlantarfexion, dorsiflexion, transverse
rotation, inversion, and inversidnentails rotation about an axis that is itself constantly rotating
in space. Thus, aftsomeinversion, for instance, the new axis of rotation effectively entails a
component of rotatioabout the original plantarflexiedorsiflexion axis. While this
phenomenon will almost certainly need to be taken into account to develop the final product, for
simple, proofof-concept structures, it is vastly preferable to work with a simple sphemical |

representing thanklejoint complex.

A part was designed to mount a spherical joint that could join two parts, one representing
the leg above the ankle, the other the foot. To further simplify the problem, the leg was treated
as a simpleylinder, the only important parameter of which was a radial offset from the axis
running through the cent er (thsaxisissBhewnshigoredB.e o f
Given that the most attractive point at which to mount the base of the comb might very well be in
the sole of the athletebdbs shoe (givenoft he s
whatever fastening system wouldregjuired), the test fixture should position the base of the
comb a corresponding distance below the ankle jdtot. ease of production, the parts were 3D
printed, but, for maximum stiffness and strength attainable without resort to metal cutting,
instea of being produced in solid ABS, they were printed as hollow shells andilteémwith

polyester resifby hand pouringafter glass fibers were laid up by hand therein. The test system
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allows easy alteration in the distance between the fixed balse obinb and the ankle joint
center (as this was considered a possible variable of optimiZatihm)ng a test, it is to be

fixed, of course.Figure43 shows aenderingof this test fixture.
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Figure 43: Test fixture for Instron measurement machihe blue arrow shows the direction of displacement applied by the
Instron machine, and the orange arrow shows therotadidn t he fil ego t hat r e.sTadcensrald&xsom t he «c¢

referenced in the above paragraph is shown with a thick, white dashed line.

Boundary Conditions for Linear Comb.

For the simplest case of joint motion (i.e. only in one direction adoven the higher
probability of injury from excessive inversion/eversion rather than from plantarfléxion
dorsiflexion, it makes sense to prefer angular constraints appropriate for inversion/eversion at
first), there are several conceivable boundarditams to apply to the comb. Clearly, the base
should be cantilevered (i.e. position and angle fi&eolt how should the rest of the comb

interact with the upper leg?
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Pinning and cantilevering the comb to a position on the leg was found to prodace hig
initial stiffness (regardless of the horizontal distance away from the leg, comb angle relative to
leg, or vertical distance of attachment point on leg away from the center of ankle rotation with
respect to comb length), presumably becausedh# was bing compressed axially (and,
depending upon the orientation of the axial load, often cannot even buckle). While intuitive, this
is quite unfortunate as this is would be the easiest and most reliable boundary condition to

enforce on the leg.

In contras, a T-slot joint running parallel to one of the joint axes along the length of the
leg seems an excellent boundary condition. As showgure44, a rotation of approximately
15° about the main axis of interest for now suffices to bring the comb teeth into contact for the
chosen tooth shape and length; the slider slides around 1cm irstbeover this period. With
the base of the comb stiffly cilievered to the foot, cursory inspection shows the joint
experiences a sudden and significant increase in bending stiffness when the teeth lock up. The
slight downward angle from perpendicular given to th&ol slider was selected to ensure that
all teeth, even the topmost two, lock up nearly at once. Note that the backbone of the comb takes
on an almost constant curvature along its entire leggiare45 shows a computer rendering of
the comb tooth geometry that was printedte that the gap between teeth was constrained to be
quite small to ensure lockup after only around 15° of rotation, much smaller than was intuitively

expected; fortunatelyt was within the capabilities of our printer to produce a gap of this size
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Figure 45: Closeup of successful comb tooth geometry.

In a final product, it would be ideal to minimize the length Gt required to allow free
bending to minimize the footprint of the attachment system: note that the bending dit86tion
opposite the one that engages comb teeth also adds to the regsioetemgth. If a very long
T-slot were required (for instance, file comb that protects against excessive
plantarflexion/dorsiflexion), it might need to conformti@ contoursof the leg instead of being
purely linear(as is the one shown abovd)his is because a straiglitie T slot would protrude
from the leg significantly in some areas, and such protrusisubigctively felt to reduce the
comfort afforded by the systemamcrease the chance of the system catchaogdentally on
foreign objects This consideration applies mainly to theslbt that would run along the rear of
the calf, as this part of the leg has significant curvature and would need a lot of slidthgdeng

accommodate the large safe amounts of dorsiflexion and plantarflexion that athletes experience.
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While this solutiorultimatelyseems quite promisirfgr its sharp ramp up in stiffness
and simple geometry, it has a glaring defect: the comb curren8y lmend along an axis
perpendicular to that along which it stiffens up when the joint simulates
plantarflexion/dorsiflexion. While this does not engage the teeth (which might make the joint so
stiff as to be immobilized), it will obviously waste the athl e 6 s ener gy t hr ough
and add undesired elastic stiffness that would greatly alter his biodyndfiacse46 shows
how the comb stiffens the joint undesirably when bent perpendicular to the direction in which the

teeth can stiffen up.
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Figure 46: Simulatedplantar/dorsiflexion sees greatlycreased bending stiffness throughout the entire range as the comb's

backbone is quite thick in this directio@bviously, this is unsatisfactory.

One option, although unsatisfying for its complexity (and the subjestinse that sliding
joints are prone to jamming) is to add a curved slot that will fregihtin
plantarflexion/dorsiflexion, only engaging the comb in inversion/eversis interrupter would
then be fitted to the main legdlot Presumably suchslot should be curved with its center of
curvature and radius roughly corresponding to the distance between the ankle center and the
attachment point on the comb; however, the radius of curvature will obviously change with the

main deformation (inversioayersion in this casé)it is unclear what the optimum geometry
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would be, given this fact, but i1t is Iikely 1t
t he | e g-€losrenaasithis m@re a question of limiting friction (from interruptet

normals that are oriented in such a way as to be likely to catch the irterdugt s 1 i der f r on
zero friction in this joint) than preventing joint locking or added stiffness when friction is

ignored. Figure47 andFigure48 show the function of thmterrupter Figure49 shows CAD

geometry of one possibisterrupterconfiguration. (Note that it is an open question whether the

two or more points of contact along the slider required for an extra degree of constraint are ideal

or whether just one point, which would give two degrees of freedom, would be preferred).

Figure47: Theinterrupterallows for free (neglecting friction) plantarflexion/dorsiflexioNote that thénterruptercan

suddenly engage at the end if desired.
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Figure 48: Theinterrupterstill engages the comb teeth in inversion.

Figure 49: Slotbasednterrupterslides in main Islot in leg.
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It may seem a fair question why a joint directly connecting the comb to the leg is required
in the first place. After all, thecorbbs backbone obviously supports
contact with the legand once the leg has contacted it, the comb initially has very low bending
stiffness, until the teeth lock ugAs Figure50 demonstrates, the deformation of the comb is
quite as one would expect, with the structure assuming roughly constant curvature (technically,
the contact stiffness between leg and comb could becopwtamt in a human model, with the

soft tissue of the leg conforming) when the leg contacts it.

Figure 50. Deformation of comb when sole attachment to leg isft@mtion contact. Right: unattached comb stands up roughly

straight under its own weight.
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Indeed, this approach nearly eliminates
one minor problem of the constan#iytached
comb approach: even whargiven motion
will never engage theeethin one of the
combs thebackbone component of the
unneeded coméadds a little bit of unwanted
stiffness (and presumably dissipation through
hysteresis of the deforming nylon) for every
leg motion, whereas with the unattached
approach, a considerable subset of motions
would see no interaction whatsoever with the

comb. Unfortunately, this approach is

practically vulnerable: the protruding comb

ends coulctatch on somethidganot her at hl etebés body, the oppo
potentially tripping the playerPlus, attaching the comb to the leg allows the massent of

inertia of theprotection system about the leg axis to be minindzatthough how practically

important this reduction would be to athletic performance is uncerfmally, a foreign object

would be marginally more likely to come between leg emb with the top open (also a

possibility with other mounting regimes), possibly causing premature lockup (which is at least
conservative, still preventing overextension injury). If these problems could be surmounted, the

top of the comb would need to bmunded (and probably made of a soft, albeit-faation,

material) to cam gently with the contacting I

Curved-Backbone Comb Concept.
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This setup might also benefit from the use of curved backbones (i.e. beformation
is begun) with combs oriented towards the leg to ensure that they are usually in cduabta
setup would be especially useful for preventing the top of the comb from catching leg
muscle. Unfortunately, these setups seem to regugignificant offset distance between comb
and foot, which is potentially even less desirable than an equal offset distance between comb and
leg (as it would require substantial modifications to shoes, winield should be avoided at all
cost). Figure51 shows a comb with an initiaHgurved backbone, corresponding potertbakth
geometryandpredictedockup backbone shapehich was used to genéeahe tooth shape)
This geometrywas produced intuitivel\pased on the iddhatthe desiredooth shapdor
instantaneous lockup a (complex) function of instantaneous backbone curvature at lockup,

instantaneous backbone curvature when free, arid kagth.
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Bent backbone

Unbent profile

)

Figure51: Proposed curvetbackbone comb (unbent geometry generated based on predicted bend profile). Note significant

offset from leg. Also, this comb is to engage with the leg in pure sliding, althougloriigt be superior.

Improving Comb Mechanical Properties.

While the simplest comb structure seems promising and mechanically sufficient for the
task,we havethus far been dissatisfied with its large form factor, the complexity e¢deatp
connections, anthenecessity of employing numerous combs (at least 8) to capture the changing
safe zone when joint movements in multiple dimensions occur simultaneously. Consequently,
reducing the thickness of the overall structure is paramount, and such reductionssuith@ioly
come primarily from shortening teeth (since the backbone is subjectively felt to be compliant
enough already, reductions in its thickness do not immediately seem necessary, and in any event

it is so thin that thinning it further will be of littiese in reducing overall size).
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Reinforcing Teethto Increase StiffeningUp Ratio.

As the teeth become shortgrseems advisable siomehowstiffen themalong their
lengthin bending(provided this added stiffness is only minimally imparted to the backbone
when the teeth are not touchirig)maintain a high stiffeningp ratia FEA on the linear comb
in bending shows that stress intenpgontboth i s
lockup, with only moderate diffusion into the teethhich might mean that stiffeniagp could
be intensified by pulling force paths deeper into the teeth after lockup, though it might also
indicate that tooth bending simply does not play a ntajerin postlockup stiffness (at least
with small tooth gaps as used in these comible author of this paper thus chose to investigate
the effects ofnstalling spars or sheets of a stiff material (carbber-reinforced polymer or
metal, to be gluetb the surrounding nylon with a special chemical suited to theitgtask)
inside the comb teeth, jutting slightly into the backbone proper, to distribute some of this load
further into the teeth verbal description of this is insufficienlt is hopel that this will occur
only at tooth lockup, however, otherwise it would prove coupteductive. Figure52 shows
contours of von Mises stress inimple linear comb at lockup, with stress barely travelling into
the teeth, an&igure53 shows potential geometries of reinforcement for the teesidf a

linear comb.
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Figure 52: Contours of von Mises stress in FEA of a linear comb that has locked up in bending. Note that stress is concentrated

in the backbone even at lockup.

Figure 53: Proposednserts of stiff material (carbon fiber or metal) that extend a short distance into the backbone and thence

deep into the teeth to produce greater stiffness at lockup with minimal effects on stiffness before lockup.
Testing the Reinforced Comb Concept.

For simplicity, the first reinforcing concept investigated was that of a long, thin spar. The
spars were assumed to fill the depth of the comb teeth, which, being basicallyrtertsional,

would not likely see qualitativelglifferent lockup behavior ithe spar depth were shortened (i.e.
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the stiffness parameters would likely change, but only proportionally to the depth, without

introducing new stiffening/softening behavior).

For constant tooth and backbone envelope shapes and backbone/reinforcememt materia
properties, three variables stand out as most likely to influeneamigosiockup stiffness:
overall length of the reinforcing spar, the length of protrusion of the spar into the backbone, and
spar width. These variables are all illustratedrigure54. (Note that other comb parameters,

mainly tooth length, width, and backbone thickness, could also be manipulated).

Figure 54: Relevant variables for singigpar reinforced comb. Overall spar length is circled in red, spar width in green, and

depth into backbone in blue.
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Figure 55: CAD geometry for first FEA simulation of reinforcing tteh. The bodies highlighted in blue are to be treated as

unidirectional carborfiber laminates, the body highlighted in yellow is to be made of flexible nylon.

The first simulation of a reinforced annular comb was conducted with unidirectional 70%
395GPamodulus carbon fiber (30% epoxy) laminates as the reinforcement, and 250Mpa
modulus nylon as the surrounding material. Only four teeth were simulated; while any comb in
service would be significantly longer with far more teeth, just four should be etmaghmpare
stiffening-up effects between reinforced and unreinforced teeth with the same perimeter shapes.
Thus, the model shown Figure55was subjected to foypoint bending from moments on rigid,

dummy teeth added left and right of the actual, compliant teeth, and the vertical displacement of
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