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and is adjacent the low stiffness spring, a shaft or a bolt passing through the central opening in
the low stiffness spring and the central opening in the high stiffness spring and a spring stiffener
configured and positioned to restrain movement of the high stiffness spring relative to the low
stiffness spring in a direction parallel to the low-stiffness spring. A connector for attaching the
adapter to a leg socket is connected to the bolt or shaft and is capable of pivoting about an axis
through the bolt or shaft. The adapter can be used an add-on component for existing prosthetic
legs, or it can be integrated with foot design for the ankle-foot product category.
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SELF-ALIGNMENT DEVICE FOR PASSIVE PROSTHETICS

CROSS- REFERENCE TO RELATED APPLICATION
This application claims priority to United States Provisional Patent Application Serial No.

62/814,533, filed on March 6, 2019, the contents of which are mcorporated herein by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH AND
DEVELOPMENT

This invention was made with the United States governiment support snder Small Business
Imovative Research awards {Doly/DHA SBIR Phuse 1.& I Contracts: WSIXWH 17C 0102 &

WEIXWH 18C 0089), The Uniied States government has certain rights in the mivention.

FIELD OF INVENTION

The mvention relates to adapters in prosthetic legs that allows certain range of motion to
effectively act as a-prosthetic ankle, The self-aligning adapter 35 an add-on component located
between the foot and the pylon, thereby aligning the foot to the spcket for amputee comfort. It thus

alse falls in the category of prosthetic ankle-foot, where the adapter is integrated wath the foot:

BACKGROUND OF THE INVENTION

Prosthetic legs require vareful slignment with the residual limab to avoid discombort-or pain.
The glignment process s multi-step (bench, static and dynaretel, 3-dimensional {sagittal, frontal
and transverse planes) and iterative in nature. Both translation and rotational adjustiments are roade
1 increments to gradualty reach a comfort zone for the pattent. | is time consuniing and

subjective because of the varigbility 1o buman gaitas well as the adaptabihity to misalignment.
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More than 50% of amputees experience pain while walking. To the short term, they compensate
any misabignment tn the prosthetic Jeg by changing ‘cait. However, ‘this ts not sustainable and i the
longer term, problems range from tendonitis and lower back pain to aniputation of the second leg
or lugher mortality rate in the case of diabetes. Alipnment adapters and ankle-foot products are
available 1o the market and discloged 11 the Iersture, bat they require 4 prosthetist to be setup.
They have single or linear trend stiffness and often require hydraulic or powered roechanisms.

Prosthetic legs, whether transtibial (below knee) or transtemoral {(above knee), have
essential components such as socket, pylon and foot. Amputees feel pressure in the residual imb
from the socket, which 1s the housing for the residual tnb. The socket experiences force and
force-couples {also known as moment of twist, or moment, in shorty when the foot-pylon-socket
comnponents arg misaligned, Figure 1a shows ain example of angular misalignmentin a
conventional prosthetic leg, compared to the alipaed leg 1o Figire 1b. Figure e shows an example
of linear misaligniment in the same conventional prosthetic leg, comparad to the aligned leg in
Fioure 1d. Actual nusalignments niay have beth angular and Iinear components. Figure 1 1s
adapted from the joumal article by T Kobayashi, A K. Arabian, M.S. Qrendurff, T.G.
RosenbauneChou, and D.A. Boong, “Effect of glignment changes on socket reaction moments
while walking io transtibial prostheses with energy storage and return feet”, Clinical Biomechanics
29(11 {2014) 47-56 ]

Prosthetic leg alignmentis a mudti-step provess. A trained prosthetist perfomms static
alignment through linear and angular corrections so that the amputee can stand with the best
balance and comfort. Mext, dynantc ghionment is performed with 3-dimensional correctons
{sagiual, frontal and transverse planes) as the amputes walks and communicates with the

prosthetist regarding the balance and comfort. Since the socket axis and pround reaction force

]
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{GRE) direction can have a large renge of varigtion during the gait cvele, dynamic aligpnment is
challenging, even with robotic or microprocessor-controled prostheses,

The market and literature contan-alignment adapters that can translate, tilt or rotate the
prosthetic components. ‘Whale these aligners possess adeguate degrees of freedom m motion, they
doaot self~alipr. Gr inasther words, they require muanual intervention fivan the prosthetist if there
is any deviation from the oniginal adiustment. This is a major problent because the prosthetist
nevermakes all the required adjustinents at the same time, Rather, these are achieved through
manytime-consunung iterations from the prosthetist and the amputee. Therefore, existing
alignment products do not reduce the complexity of the namber of vartables and their
interdependence. The humnan to human variance does not-allow the prosthetist to develop a
scheme for nutigating the dvpamic aligoment problem. As a result, the problems of agcurate
diagnosis and remediation ternain imtractable. Perhaps, the best evidence to draw this conclusion
frony a review of 35 years of research which outhnes 43 variables but could not even assign a
statistical confidence on most of these. E.S. Neumann, “State-of-the-Scienge Review of
Transtibial Prosthesis Alignment Perturbation,” JPO: Jowmnal of Prosthetics and Osthotics 214}
{2009} 175-193.

Prosthetic Alignment Adapters are add-on compoents to prosthetic leg that allows linear
{oroff-set) and rotationa] motion between prosthetic conyponents such as foot and pylon for static
and dynanng alignment.. Published Umited States Patent Application No. USZ0050267600A1
discloses analignment assembly for a modulat prosthetic device. The device includes many
modules than can be added or removed 10 add additional destees of freedom, or to restrict
moverment. Linear moventent s allowed aboat two orthogonal anis. Roetational and angular

adjustments are made-about the three prthogonal axis. Lockingmechanisms are included on the

43
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dovetails slots which Bmit motion as desired. This device is intended both for use transtibial
and/or transfemoral, Published United States Pateat Application Ne, UIS201 10015761 A1 discloses
a prosthetic device that allows: foralignment of the prosthesis about the central axis. There fs o
huh that connects the socket and the prosthetic foot. The hub allows for two degress of freedom,
retation about the gentral wos and vanslation alony the fest central axis. A claeh mechaniso is in
one of two posittons which imits and allows movement respectively. Alignment of the device can
be done while the amputee is wearing the device.

Published PCT Application Mo. WO2005041814A2 discloses a device that performs offset
alignment between two prosthetic components by a selected distance along an alivnment axis. The
invention comprises first and second members. The fisstmember has a channel and the second
mentber has a bar for being adjustably connected to the channel along the alipnment axis, Asst
serew can be adjusted through a hole in the wall of the channel in a direction penerally
perpendicular to the alignment axis to contact the bar and hold it ctationary within the channel,
One or both of these members can be rotatably connected to prosthetic components.

Urited States Patent No. 6,458,163 Bl discloses a devios that is placed within a prosthesis
that allows for alignment of the hmb. The devics allows for translation and rotation. Ruotation is
controlled by a ting with internal threads and a ting clamp. The device is mtended for both ubove,
and below knee amputees. Translation s resiricted via sef screws tnto the dovetat! section ofthe
deviee.

Another type of adapter is the passive ankle or ankle foot, where the adapter 1s not an add-
on-component but 1 inteerated to-the foot. While alipmment adapters behave like rigid
components after the aligument is-over, ankle o aukle-foot are prosthetic-components that allow

certain degrees of freedom during walking. Multi-axial foot and/or ankle-foot provide rotational

=
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deoree of freedom that could be beneficial for amputess. In the sxisting products, the nwlti-axial
motion does not comie from the ankle, but from the foot desien. The stiffivess of stch motion iz
generated andfor often adjusted with computer-and/or hydraulic contral. A key characteristic of
these products 15 that after the prosthetist seta up-thetr stiffaess, it does not change as the amputee
walks og them. This is notthe opiimal solution, because for real-time alignuent, highty non-linear
stiffness minuicking natural ankle or foot is needed. For example, the stiffness of the ankle-foot
needs to be very fow at the first 5-10%-of dhe gait eycle. Else, alignment 16-not possible. Right
after that, the stiffhess must be very high to gensrate the propulsive moment. For exanple, in the
sagittal plane. the stiffness must be asvoametric (<1 Nem per deeree from 0° to -5 ankle angle and
>5 N-m per degree from -5° to +10° ankle angle). Since all existing passive ankle foot have fixed
stiftnesy, they are not able to provide the desired dhignment effects.

Linited States Patent Neo. 7,347,877 B2, discloses a foot prosthesis with resihient puglti-axial
ankle, This device is an ankle that is Tocated between the pylon and the foot of the prosthesis. The
ankle incorporates multiple stffnesses in different locations of the foot. The lateral side of the foot
1s relatively stiffer than the medial side of the foot. This stiffness difference is accomuplished by
making the openings in the material of the ankle larger on the medial side. The ankle is capable of
flexing inmaltiple directions.

Published United States Patent Application No. US20080262635A1, discloses a self-
aligning prosthetic ankle-foot assembly, The ankle contains pistons which vontrol the damping
resistance. Hydraulic damping of dorst and-plantar flection are thus controlled. This device was
destgned to address stair and ramp walking specifically. The range of dampening is continuous

throughout the step.
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United States Patent No. 8,480,760 B2 discloses an inproved systam for use in
rehabilitation andfor physical therapy for the treatment-of injury or disease to the lower limbs or
extrenuties. The system can enable an amputes toproceed over any inclined or declined surface
without.overbalancing. The system 1s mechamgcally passive m that 1t does not utihize motors, force
generating devices, batteries, or powered sources that may add undesirable weight or mass and that
may require récharging. The system is self-adapting to adjust the torque-moment dependinzupon
the motiot, the extent of inclination, and the surface topography. An additional advantage of the
maprovement is that the systent can be light and tay also be simple to thanufacture.

Published United States Patent Application No. US20120203359A1 discloses a passive
lower limbs prosthesis that contains two degrees of freedom. A large mechanism contains many
compressien springs to achiove 4 working ankle. This device i largely passive, which means it
does not use sensors of agtuators of any kind. One of the degrees of freedorm 1n this destgn allows
the prosthesis to compress slightly under the weight of the user. The other degree of freedom
allows rotation about the prosthetic ankle jomt. The first degree of freedom absorbs encrgy and
supplies 1t to the second, in order te aid the engrgy that was captured during dorsiflexion.

Published United Stafes Patent. Application No. US20130006386A1 discloses an ankle-foot
prosthesis and wrthosis capable of antomatic adaptation to sloped walking surfaces and methods of
use, Anamputes can use this device to walk across an inclined or declined surface without
overbalancing. This systeny is purely mechanical and does not utilize motors, or powered spurces.
This device self-adapis 1o the motion to adjust the torque moment it experiences. Included below is
an image of the equivalent spring systonis that the prosthesis 1% able to schieve during walking due

to ifs design,

&
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United States Patent No. 6,443,993 B disclosses a sglf-adjusting prosthetic ankle apparatus.
This computer-controlied design meorporates an upper portion and lower portion that attach toa
{eg pylon and foot plate respectively. The device includes danmping mechanisms. The sensing
module of this device is able 1o detect when the ground is contacted and determine what stage of
the walking cyecle g user s in. The ankde system also autonzatically adjusts to different beel heights
of footwear without user input. The two cylinders in the front and rear of the prosthesis allow for
traversing sloped temain.

Published United States Patent Application No, US20140088730A1 disclases an ankle-foot
prosthesis which contains a-foot plate, ankle frame and a yoke. There 1s a damping system in the
heel of the device to reduce the impact during heel strike. The hydraunlic damper can be switched
between high and low settings. The invention i$ said to be able to adapt to sloped terrgin and
provide stability when standing and swaying. This device has only a few parts, which is said to
make it easy 1o maintain,

Published United States Patent Application No. US20140039642A1 discloses a prosthetic
anklethat 15 not powered and consists of purely mechanical compounents. The foot portion
includes three members that act as springs when walking. The prosthesis is capable of translation
and rotation of the foot. The ankle is alse able to undergo dowsiflexion, plantarflexion, inversion
and eversion. A four-bar linkaze 15 focluded at the ankle to allow for these rotations.

None of the alignment adapters m the Inerature allows alignment monon in all three planes.
Twoor more such adapters may be combined 1o provide such complete muotion, butthat increases
size and weight. Since they are rigid clements, none of the alignmeitt adapiers allow tunable and
variable siiffiess ke a nataral leg, They only enable the prosthetist to cliange the alignment

between foot, pylon and socket. Similarly, they do not allow rotational compliance like an ankle.

3
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Existing multi-axial ankle or foot-ankle products allow motion 2 planes and ravely permit
motion in all three planes simultaneously. Most of them work in the sagittal plane. Sagittal plane
has the highest moment, but even small nusaligmment in other planes are equally painful. Most of
the ankie or foot-ankle products use hydraulic actuators or danipers to achieve desired stitfuess.
For the same reason 4s mentiored above, the sitffbess value of the ankle cannot be changed
automatically as the leg voes from plantarflexion to.dorsiflexion. Rather, the hydrautics need o be
tuned manually to increase or decrease the stiffness. Finally, none of the adapters or ankles or
ankle-foots are designed to be agsembly free or one- plece product. Or i other words, they are not
amenable to 3D printing,

It is important to note that some of the above-mentioned shortcomings are addresses by a
third category of prosthetics, hamely the Powered or Active Ankle or ankle-foot. These ate active
orrobotic prosthetic congponents that allow certain degrees of freedom utilizing sensors, sotuators
and electronics. The present invention, on the ather hand, is pusstve in nature and does not il in

this category.

SUMMARY OF THE INVENTION

We provide an adapter for a'prosthetic leg that overcomes many of the problems associated
with nysaligniment by aligning 1tself in real-time a5 e user walks., Our adapter is 4 6 degrees of
freedom {dof) mechanism with high non-linearity mn stiffness. Depending upon the ground
reaction force (GRF) and the angle of the foot with respect to the ground, it passively senses the
phase of the gait, It then self-alions the prosthetic legin all three planes throuch simultaneous
translation and rotation. Move importantly, the stithiess of the mechanism closely mirnics that of

the natural ankle duning the heglrocker and ankle-rocker phases-of the husan gait cyele, Thig is
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achieved by an tmovative degign combining two sets of planar compliant structures, each with 6
degrees of freedom. The first structure is more compliant (<} N-m/® of rotation) and mimics the
ankle during heel-strike by allowing rotational motion to'produce the self-aligning effect. In
addition, it alse provides small bogar motion for enbanced aligriment as well as shoek ahsipbing,
The compliant structures ave gecommodated by other structires that make thetr stiffness highly
non-linear, This is important for stability in walking. The second structare 1s stiffer (55 N-wm/® of
rotation} to penerate the large moment required for wallang. The adapter.can be embodied as-an
add-on component, such as an alignment adapter, that can be mounted between conventional
passtve foot and pylon to.pravide self-aligning feamre. Abernatively, the adaptet can be embodied
as-an ankle~-foot unit, where the adapter 1s integrated with a foot component to provide ankle
characteristics.

Even though-our adapter s a passive mecharism, it ¢an be applied to active {robotic or
computer-controlied) prosthetes for enhanced agility and performance. A unique feature of the
invention s that it can manufactured assembly-free or as one-piece through the 3D printing
technique.

Any prosthetic feg fitted with the invented rhechanism will require litile prosthetist
attention. Therefore, the advantage 1s drastic reduction in prosthetist care titne. Over the usage, the
patient will experience less pain and discomfort, exert less physical labor in walking and prevent
long-term physiological damages. Since the invention is a passive mechanism, and is amenable 1o
3D printing, it will be significantly lower cost compared 10 active prosthetics.

Our adapter also has the followings attdibutes:
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{a} The product is a passive (no sensor, actuator ot electroniesy aligrunent adapter, which can
be mounted between the prosthetic foot and the pylon. Essentially, it acts as ankle joint
with both linear and rotational complhiance in alf threg planes of motion.

(b} The productcan glso be integrated with a foot to embody an ankle-foot.

(¢} The product self-aligns the prosthetic leg and generate variable ankle stffness municking 4
ngtural ankle in real time, unlike other existing products that require prosthetist
ntervention.

{(d) The product has highly non-linear, rotational and linear {6 degrses of freedom) stiffness. It
1s very compliant in the <10% of the gait cyele and then very stitf afterwards. This early
gait cycle compliance is key to self-alignment because the pylon can align itself relatively
better before the entire body weight is applied. Such self-alignment takes place 1 real-thime
{noimervention) v all three planes-of motion.

(e} The product mumics the plantarflexion and dorsiflexson stiffness in a natural leg, therefore
1s effective for slopes, stairs and yneven temain.

(fy The product design 1s directly amenable to 3D printing as wellas conventional machining,
It does not ivolve hvdraulics erother difficult to manufacture or assemble mechanism.
Thersfors, it does 0ot require maiatenance, It is alse suitable for all weather and vutduer
conditipns,

{2} The preductis compatible with all existing prosthetic feet, whether rigid, naalt-axial or
computer cottralied.

(h) The product build height {vertical) is only | inch ot less, making it a conveient fit for most

patients who have g prosthetic foot.
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Other objects and advantages of our mvention will become apparent from a deseription of

certatn prasent preferred embodiments thereof shown in the drawings.

BRIEF DESCRIFTION OF THE DRAWINGS

Figores 1o and 1b show examples of angudae misabigronent bna conventional prosthetic ey

Figures Icand 1dshow examples of Knearmisalignment in the same conventional
prosthetic leg.

Figure 2a is a graph of the gait cycle showing three phases (heel, ankle and fore-foot
rocker)in healthy humans.

Figure 2b is a graph in which the solid Hne shows ankle angle vs. ankle torque or moment
in healthy hunians with diamond marked data showing performance of the adapter of thas
invention.

“4

&

1

ure 3 shows a present preferred embodiment of our adapter {as an add-on component)
connected between a prosthetic leg socket and a foot.

Figure 4 18 a perspective view of the embodinient of our adapter shown i Figure 3,

Figure 51s an end view thereof

Figute 0 is an exploded view thereof

Frpure 7 is 4 top plan view of a present preferred embodiment of'a 6 degree of fresdom
planar compliant structure (hefore loadmg).

Figure B1s a top plan view of anvther present preferred smbodiment of a & degree of planar
comphians structure {before loading).

Figure 9 15 a top plan view of a present preferred embodiment of 4 6 degres of freedom

planar compliant structure that demonstrates Hoear motion of the planar compliant structure.
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Figure 10 is a side view of the embodiment shown in Figure 9.

Figure 11 13 a top plan view of a present preferred embodiment of 4 6-degree of freedom
planar conipliant structure that demonstrates rotational motion of the planar comphant structure.

Figare 12 15 a side view of the embodiment shown in Figure 9.

Figare 13 is g side view of the embodirent of our self=aligning adapter shown in Figures 2
throush 6 after it is attached to a foot and is 1 no-load condition,

Figure 14 15 a side view of the embodiment shown in Figure {3 at the end of the heel-
rocker phase (planter-flexicin},

Figure 15 15 a side view of the embodiment shown in Figure 13 at the end of the heel-
rocker phase (dorsi-flexion).

Figures 16a and 16b are front views of the smbodinient shows. in Figures 13 theough 15
showing how vur self-alipning adapter provides rotational alignment i the coronal plane.

Figures 16¢ and 16d are top plan views of the embodiment ¢hown in Figures 13 through 15
showing how our setbalisnimg adapter provades rolational ghennient o the transverse plans:

Figurs 17 1y an explodad view of a second present prefersed embodiment of our self-
aligning sdapter.

Figure 18 is an end view of the embodiment shown in Figure 17,

Frzure 19 is a perspective view of a third embodiment where the claimed invention of a
planar compliant & dof spring (Figure 7 or Figure 8)1s integrated with a foot, thereby falling in the
category of ankle-foot.

Fioure 20 %8 perspective view of the ankle<foot endbodiment shown 1n Figure 19from
aunothier perspactive viewing angle,

Figure 21 is a vight side view of the ankle-foot shown in Figures 192 1ad 20,
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Figure 22 i1z an exploded view of a fourth embodiment of our self-aligning adapter
integiated toa foot,

Frgure 23 15 a perspective view of the embodiment shown in Figure 22.

Figare 24 15 an exploded stew of a fifth embodiment of our self-aligning adapter integrated
o a foot.

Figure 2548 & perspective visw of the émbodiment showisy in Fioure 24

Figure 26 s exploded perspective view of e sinth  embodimentan which the heel partof
the foot is moditied to act like a 3 dagrass of freadom spring having low stiffuess.

Figure 27 is.a visht side view of the embodiment shown in Froure 26,

Figure 28 is an expleded view of a seventh present preferred embodiment of our self-
alizning adapter. This embodiment has the same functionality as the embodiment shown in Figure
6.

Figure 29 is g perspective view of the embodiment shown in Figure 28,

DESCRIPTION OF PRESENT PREFERRED EMBODIMENTS

To explain the product fanction, we provide some background of the gait eycle in Figure
2a. The human gait eycle starts with the heel rocker phase, where the ankle provides up to-5° of
plantarflexion angle and the moment 1s-about -5 M-m. Quradapter achieves sinilar rotational and
linear comphiance in this phase o perforn the self-alignment because a natural feg does the saime.
Interestingly, none of the existing alignment adapters function in'this phase, because they are
raanually setup by the prosthietist even before walking. Our produgt acts 1o veal tithe notonly

during this phase, but also in the second phase.



WO 2020/180378 PCT/US2019/065438

The second phase of zait is called the ankle-rocker, where the rotational stiffness in the
sagittal plane becomes ghruptly high and the direction of ankle rotation reverses from
plantarflexion to dorsiflexion. The rotational stiffress must inerease highly non-hoearly to allow
the body propulsion forwards. The ankle gngle versus ankle torque (moment) diagram is given in
Figure 2h, Such abruptreversal or angle and fncrease of rotational stiffness 15 the key chatlenge
our invention handles very efficiently.

Figure 2b shows how the present product functions using the diarnond shaped data markers
as compared to natural ankle function shown in solid line. The present product function is shown
during two phases. The fiest phaseis between poiats A and B while the second phase s between
points B and C. The third phase, between points C and D, 15 called fore-foot rocker and is not an
ankle-activity. The products disclosed and claimed herein can mimie the natural ankde for the first
two phases.

Referring to Figure 3, a pregent preforred embodmment of our self-alipgning adapter 1015
connected between a prosthatic socket 6 and a foot 8 in g prosthetic leg 1. The embodinient shown
in Figures 3 through 6 is an add-on component (a self-aligning adapter) that is mounted on a foot 8
and connected to apylon 2 or socket 6. In Figure 4, we show a low stiffiness spring 11 whichis
essentiatly a 6 dof planar compliant spring shown m Figure 7 or Figure 8. Figure S shows how the
low stiffness spring 11 is cut out of the structural frame 18, This frame 18 also accommodates a
high stiffness spring 12 mside its cavity. Like spring 11, spring 12 1s also a 6. dof planar-comphiant
sprinig, sxcept i stiffer. A spring stiffenee 18 13 attached to the structural frame 18, which acts as
mechanical stop to-the spring 11 as well as spring {2, thereby effectively non-fincarly stiffening
them, A top adapter connector 14 is connected to the structural frame 18 by screw 13 by bolt 16

and put 17. An unthreaded shafimayv be used in place of the bolt. The lex socket 6 or pyvlon 245
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connected to-the top adapter comnector 1. Figure 6 shows the phivsical connectiongof the
components using an exploded view, The selt-alieaing adapter can be connected to prosthetic legs
with existing socket and foot compornents.

Char product exploits the planar (spiral, elliptical or-other possible shapes) compliant
structares shown in Figures 6 and 7, each as 6 degrees of freedom springs. It employs two sach
springs.physically connected by a core rod and a housing n a vnigue way to act as non-linear
stiffener for the springs. The physical connection of the two springs are uniquely designed so that
during the heel-socker phase, only the low stiffness spring engages. At the end of this phase, the
amputee has the foot flat on the ground and the second phase {ankle-rocker) begins. In the second
phase, the two springs become paraliel connected, making high stiffness spring the Jominant one.
The resulting moment ve ankle angle values are shown in Figute 2b using dismmond shaped data
markers. The overall wesult demonstrates the biontimicry of a natural ankle by the invention i the
sagittal plane.

A wimque component of the present invention Is the planar coniphiant structure that
passively senses the vations values of apphied moment {negative for heel-rocker phase and positive
forankle-rocker phase). Or m otherwords, 1t can sense the various phases of walking gnd can
soften or stitfen itself to produce self-aligning features in heel-rocker and propulsion ankle-rocker.
This happens 1 real time in all three planes of motion and not just the sagittal plane. This is
obtiined naturally by the compliant structures because they have 6 degrees-of freedom (3 linear
and 3 rotational), This srises naturally because the geometric symumetry of the stmicture. Figures 7
and 8 show two possible embodiments of these planar structures. The first embodiment 100 (in
Figure 7) has a cylindrical dise shaped body 116 with center opening 111 through which the

mounting bolt may pass and a circular spiral opening 112 around the cemter opening. The spiral
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gan be ¢ircylar or elliptical depending of the desired stiffhess and the gvatlable space. The sscond
embodiment 114 (in Figure 8) has cylindrical body 116 with center opening 111 through which the
mounting bolt mav-pass and an elliptical spital opening 118 ground the center opening. Figures 9
and 10 show the change i shape of the first embodiment 100 during linear motion, while Figuzes
11 and 12 show the change in shape of the first embodinent 100 durtag rotational motion. In a
typical sssembly, the body 110 or 116 is held rigidly while the load is applied through the corg
{111). The Iocation around the core is essentially a 6 dof spring because it can experience linear
and rotational motion in three axes. The stiffness of these springs is deternnned by the geometry of
the spiral (112 or 118} and thickness of the disc shaped bodies 160.0r 114,

It is important to note that these planar compliant structures have nonlinear stiffness. As
shown in Figores 9 and 11, the various facets of the structures make contact with cach other upon
defortation. These contact points are shown with arrows. Upon this contact, the structures stiffen
up. Such change is stiffness is non-linear. Another way the stifthess can be non-linear is if the
structures are nested with rieid steuctures (siiffeners). Here, upon nitial deformation, the
structures are blocked by the stiffencrs and the resultant i nog-linear stiffness increase.

In addition to'the 6 degrees of Freadom of motion, the non-linear stithiess changing
capability is of remendous signifivance for the present inveniion. Human gait phases require time
and position dependent nontinear changes in stiffness. For example, the sod of the heel rocker and
ankle rocker phases require sigmficant stiffening of the low and high stiffhess springs.

Finite element analysis (FEA ywas performed on a detailed product model of the
embodiment shown 11 Figure 4. The numetical results are shown m Figiee 2b, Asprevioushy
deseribed, that figure provides a visualization from the finite element simnigdation for the twe

ditferent phases of the pat cycle. In the first phase, from A to B in Fiswre 2b, the ankle moves
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from 0% to-3° with very low ankle rotational stiffness. Thisis shown schematically o Figures 13
and 14. Thetorque valoe at the end of this phase shows in Figure 14 is only 2<5 N-m as the
ground reaction force reached the maxinumm value. For able bodied persons 1t 1s abouat 120% of the
body weight. For ampatees, it could bevas low as 80%a. This suggests that low staiffiess i the key
to alienmant of the foot'before the entire body weight is apphied. Figure 13 shows our adapter 10
attached 1o a foot § in its neutral or no-load condstion, Figure 14 shows the adapter 10 at'the end
of heel-rocker phase {point B in Figure 2b). Finite slement resulis show only low stiffness spring
being activated. TFinite element simulation alse shows that depending on the misalignment and the
applied load, the self-aligning adapter can translate in the x-y plane as well as the vertical (z)
plane. Such transiation in the 3D space mimunuizes lincar misaligiiment 1o the prosthetic leg. In
addition, the low torgue spring van also performarctation along el 3 axesto mnimize rotational
misalignment.

In the sccond phase, between points B and € Figure 2b, the foot 8 remains flat on the
ground as the ankle rotates from -5° 1o +10° (plantar to dorsiflexion) with very high rotational
stiffness. Figure 15 shows the self-aligned adapter 10 at the ankle-rocker phase (dorsi-flexion).
As the adapter starts rotating from plantar to dorsi flexion, there 15 an abrupt and large change in
stiffness, shown m Figure 2b. This is-achieved by the self-aligning adapter, where the unigue
assembly of the two springs and the rigid constraint {identified in Figure 4 as spring stiffener 15)
shift the load towards the high torgue spring 12, At the end of thus phase, the motion of this spring
hecomes-completely blocked by the rigid vonstraints at both ends, which helps the adapter 10 to
achiave the very high torque (>100 M-ny) without excessive ankle rotation. Itds important to note

that existing passive prosthetic legs use roll over of the toot on the ground and this takes place
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without any real rotation in the ankle area. In comparison. the present invention is passive, but it
acts like & natural havman ankle:

While Figures 13, 14 and 15 show the self-alipnment capability of our-adapterin the
sagittal plane, the 6 degrees of freedom nature-of the planar comphant struetures allow the adapter
o show suntlar bebavior 1o the two other {coronal and transverse) planes of motion. Figures 162
{evel with no rotationyand 16b (rotated by about § degrees anele) show our selfalioning adapter
allowmg rotational alignment in the coronal plane. Figures 16c (level and neutral) and 16d (abouwt
5 degrees of rotation) show ot self-aligning adapter allowing rotational alignment in the
transvesse plane. During waltkmg on uneven terram or wialking on tuns, the coronal and transverse
plane moments increase and their aligoment becomes important for balance and comfort.

A snigue feature of the innovation is that it:can be 3D printed. This 15 3 one-piece, o
assembly manufacturing techinique. Tt can also be machined with conventional machine shop
manutacturing tools. Finally, the product can alse bhe manufactured with carbon fiber composites,
a materal known for superior strength t6 weight tatio. Carbon fiber 1s a very popular raterial m

the prosthetic foot industry.

The first embodiment of our self-aligning adapter shown in Figures 3 through 6 is an add-
oncomponent. This s g self-aligning adapter that can be mounted-on any commerciglly available
foot. Essentially, the adapter 15 a combination of two planar comphiant & degrees of freedom
springs with unique assembly that allows them to behave non-linearly compliant during heel-
rocker-and stiff during ankle-rocker phiases of the gait. However, other different embodiments of
the same core design philosophy are possible. Alsa, these embodiments can fnvolve different

muaterials (such as glumimm glloys, titantumr alloys, carbon fiber composites to name & fow).
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A different embodiment of our self-aligning adapter 10 is configuration 20 shown in
Figures 17 and 18, Figure 17 shows an exploded view, while Figure 18 1s-an end view, This
embodiment 15 made stiffer by nrodifving spiral geonetry and employing a different material

thereby rendering the use of stiffener 15 unnecessary.

The embodiments shown so far are for the produet category of “add-on component’. These
are known as adapters that are mounted on prosthetic components such as socket, pylon orfoat. A
second product category iy the ankle-foot, whers the embodinent 1s mtegrated with a footor in
other words, the same design philosophy for our self-ahigning adapter 1s wntegrated as an ankleto a
foot stiucture, hence the name ankle~-foet. There can be several waysto achieve this, based on the
Incation of the claimed muovation of the 6 dof'planar- comphant spring {Figure 6 or Figure 7) in

the heel {31) or keel (32) component of an ankle-foot.

Oune such embodiment 30 15 shown in Figures 19, 20 and 21. This embodiment has heel
spring 31 sinuilar to low stiffness spring 11 and a keel 32 which is fusctionally similar to high
stiffness spring 12, This embodimsent has a different connector 33 on the top to connect to the

pylon 6 orsocket 2.

Another embodiment of our self-aligning adaprer 10, integrated to amankle-footis
configiration 40, shown in Figures 22 and 23. Avother embodiment 50 is shown in Figures 24 and
25. These embodiments have two planar springs 41 and 42 or 51 and 52 that fook different but
have the same functionality. Ouoespring 41, 51 15 alow stiffness sprivg. The other spring 42, 52 15
a-high stiffness spring. The spring stiffernior 45, 55 15 shown ineach of these embediments as wire-
Iike stractures to reduce weight, but solid stouctiwes hike spring stiffener 15 shown tn Figure 4 can
also be used. All these embodiments utilize the connector 14 ag well as bolt 16 and nut 17 that are

inthe first embodiment.

Ty
NG
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Another possible embodiment 60 15 shown in Figures 26 and 27 where the heel part of the
foot 1 moditied to function as the low stiffness spring 61 and another part of the foot act as the
high stiffness spring 62. A non-hinear stiffener 63 is-connected between the two springs 61 and 62.
There is a different connector 66 that is used to attach this embodiment to a pylon or Jeg socket. In
this embodiment the foot keel (op plate) ftself work s as the high stiffness spring 62, The heel pait
ot the foot 1s attached to 1t through a planar compliant stracture. This low ¢tiffness 6 degree of
freedor spring allows the heel to produce the biomumetic heelrocker region. After that, the wire-
ike spring stiffensrs 45 become taut, and the foot kesl starts to deform to produce the ankle rocker
phase. This desizn can be a one-pigce (no assembly) product, hencene exploded view is shown.

In another possible embodingent 70 shown in Figures 28 and 29 the relative position of the
twa 6 degrees of freedom planar compliant mechanisms are changed. In the first embodiment 10
shown in Figure 4 the low suffoess spring 11 i3 focated above the high stiffness spring 12. For this
embodiment 70 the relative pasition of the low stiffhess gpring 71 and the high stiffhess spring 72
15 exactly opposite,. The overall geonictry of the product is changed to acconunodate the now-
linear wiffening mechagisims. A corerved 73 15 provided through which bolt 16 passes. The core
rod acts as g spacer between connector plate 74 and the high stiffness spring fo accommodate the

spring stiffener 75 1o the assembled steucture showrcin Figure 29.

Although we have deseribed and shown certain present prefersed embodiments of o self=
adjusting adapter it should be distinctly understood that cur invention is not timited thereto but

may be varoushy embodied within the scope of the following claims.

B
&=
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We claim:

i A selfadiusting adapter for a prosthetic leg having 4 foot and a leg socket, the self-
adiasting comprising:

a low stiffness spring, having a central opening;

a high stiffness spring adjacent the low stifthess spring having a ceniral opening,

one of a-shaft and a bolt passing through the ceritral opening i the low stiffhess spring and
the central opering in the high stiffness spring;

& spring stiffencr configured and positioned to restrain movement of the high stiffness
spring relative to the low stiffness spring n a direction paraliel to the Jow-stiffriess sprigg; and

a comestor having a hole through which one of the shaft and the bolt passes the connector
being capable of prvoting about an axis through the hole of the connector.

2. The self-adjusting adapter of claim 1 wherein at least one of the low-stiffness spring
and the high stiffness spring bas 4 spival opening about the central opening of that spring.

3. The self-adjosting adaptec of claim 1 wheren the low stiffness speing is C-shaped
having a mouth and central cavity, the high stiffness spring is witlin the cavity and the spring

stiffener covers at least a portion of the moeuth,

4, The self-adjusting adapter of clamm b wherein the low stifftess spring is an integral
pottion of a foot.
3. The selfadpusting adapter of clawn t wherein the spring stiffener is comprized of a

plorality of wires.

f. The self-adjusting adapter of clami 1 wherein the high stiffiiess spring is an wtegral
portion of a foot.
7. The self-adjusting adapter of claim | wherein the high stiffness spring is an integral

portion of a foot and the low stiffness spring 15 an integral portion of the foot.

21
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B. The self-adjusting adapter of claim 1 wherein the high stiffness spring and the low
stiffness spring have been made by 3D printing.

2. The selfradjusting adapter of claim T wherein ‘the high stiffness spring and the low
stithness spring are comprised of a material selected from the group congsisting of slusrinum alloys,
titantum alloys sud catbon fiber corpposyes,

10. The self-adjusting adapter of claim 1 alse comprising a core rod throush which one

of the bolt-and the shaft passes.
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