wo 2011/146815 A1 I 10KV OO OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization- /25 | ]| HINNHND D000 W00 0 OO 0
A 5 (10) International Publication Number
(43) International Publication Date Vs

24 November 2011 (24.11.2011) WO 2011/146815 Al
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
AG61F 2/58 (2006.01) kind of national protection available). AE, AG, AL, AM,
(21) International Application Number: ég’ éﬁ’ ég’ CAI\ZI, CBS > CBRB’ CBI(J}, g;l’ DB]IE{ ? DB%V ’];313[{ ? ]];é’
PCT/US2011/037303 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT.,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
20 May 2011 (20.05.2011) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
. . ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(25) Filing Language: English NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(26) Publication Language: English SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,

TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data:

61/346.534 20 May 2010 (20.05.2010) ys (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,

(71) Applicant (for all designated States except US): OHIO GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
UNIVERSITY [US/US]; 20 East Circle Drive, Suite 190, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
Athens, OH 45701 (US). TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SL, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

(72) Inventor; and
(75) Inventor/Applicant (for US only): STARKEY, Michael
[US/US]; 222 East Bland St., Atp. 210, Charlotte, NC

28203 (US).
(74) Agents: WHITAKER, Chastity, D., S. ct al; Wood, Tublished:
Herron & Evans, LLP, 2700 Carew Tower, 441 Vine —  with international search report (Art. 21(3))

Street, Cincinnati, OH 45202-2917 (US).

(54) Title: MECHANICAL CAPSTAN AMPLIFIER

(57) Abstract: A mechanical capstan amplifier. The mechanical capstan amplitier (60) having a first tensioner (64) with a first ac-
tuating rod (72) extending therefrom. The first tensioner (64) is configured to rotate the first actuating rod (72). The amplifier (60)
also includes a drive motor (62) having a drive rod (78) extending therefrom. The drive motor (62) is contigured to rotate the
drive rod (78). A first cord (66), extending between the first actuating rod (72) and a first load to be moved also extends at least
partially around the drive rod (78). Actuation of the first tensioner (64) causes the tirst cord (66) to tighten around the drive rod
(78) and moves the load.



WO 2011/146815 PCT/US2011/037303

MECHANICAL CAPSTAN AMPLIFIER

FIELD OF THE INVENTION

[0001] The present invention relates generally to mechanical amplifiers.

BACKGROUND OF THE INVENTION

[0002] Since the inception of the field of robotics, robotic designers have attempted to
mimic biological systems. However, the realization of this goal has been impaired by the
complexity of biological systems. More specifically, biological organisms have developed
many adaptations over evolutionary timeframes. For example, the driving force of some
types of biological movement, the muscle, is a highly developed mechanical system that is
configured to generate high forces, contract at high velocities, and use relatively low amounts
of energy.

[0003] In vertebrate motion, the muscles are coupled to skeletal elements via tendons.
Movement is produced by the contraction of the muscle tissue, which thereby pulls one
skeletal element toward another skeletal element; a second muscle tissue is required to
reverse the movement. One type of known biomimetic robots employs anatomical-style
joints with cable actuated linkages that replicate muscle; however, these joints are difficult to
control and require highly complex mathematical simulation. Therefore, directly driven
linkages are used to simplify control of the robot and the mathematical simulations.

[0004] Yet, one of the greatest challenges to robotic designers is to develop a
mechanism that accurately and mathematically replicates vertebrate muscle by providing high
levels of force within the space and mass limitations of a typical vertebrate joint. In some
embodiments, designers tether the robot to a power source. This is undesirable for at least the
reason that it limits the robot’s mobility. Alternatively, a limited power supply may be
placed on-board the robot and may include batteries; however, batteries add large amounts of
weight to the robot and require still more energy to power the robot.

[0005] To overcome the weight issue, robotic designers have attempted to under
actuate movements, €.g., provide fewer motors than there are degrees of freedom (“DOF”) in
a replicated joint system. The missing DOFs are then actuated through passive mechanisms,
such as through the inclusion of springs. One such example is a biomimetic hand, which
attempts to replicate the human hand’s over 20 DOFs all contained within a relatively small
volume. Known solutions for the biomimetic hand have included integrating micro motors

with large gearing ratios into fingers of robotic hands. But these solutions have not provided
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satisfactory levels of force within the permitted space. Still further, this method again
sacrifices control and oversimplifies the joint system.

[0006] Capstans are known to utilize friction in order to amplify work output.
According to the conventional theory, capstans were believed to operate in accordance with:
[0007] T, = T;e*Pwhere T, is the force derived from operating the capstan system, 7
is the force that is input into the capstan system, u is the coefficient of friction of the cord,
and f is the angle of contact (measured in radians) formed by the cord at the capstan.
However, this conventional equation supposes that a constant friction input into the capstan
system at a given angle of contact will amplify at a constant rate. Capstans generally operate
by creating friction between the cord 66 and the drive rod 78. After a load is coupled to the
load bearing end 68 of the cord 66, the opposing, actuating end 70 is pulled by winding the
cord 66 around the tensioning rod 72 and friction develops between the cord 66 and the drive
rod 78 (i.e., the capstan). This friction transfers a portion of the force needed to move the
load from the tensioning rod 72 to the drive rod 78. An understanding of capstan operation
may be beneficial in various applications, such as in robotics.

[0008] Thus, there remains a need for a mechanical system that is capable of
producing the forces and speeds of biological organisms while minimizing the mechanical

system’s weight, volume, and power consumption.

SUMMARY OF THE INVENTION

[0009] The present invention overcomes the foregoing problems and other
shortcomings, drawbacks, and challenges of known conventional biomimetic actuation
devices. While the invention will be described in connection with certain embodiments, it
will be understood that the invention is not limited to these embodiments. To the contrary,
this invention includes all alternatives, modifications, and equivalents as may be included
within the spirit and scope of the present invention.

[0010] In accordance with one embodiment of the invention, a mechanical capstan
amplifier is described. The mechanical capstan amplifier has a first tensioner with a first
actuating rod extending therefrom. The first tensioner is configured to rotate the first
actuating rod. The amplifier also includes a drive motor having a drive rod extending
therefrom. The drive motor is configured to rotate the drive rod. A first cord, extending

between the first actuating rod and a first load to be moved extends at least partially around
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the drive rod. In its normal state, the first cord fits loosely around the drive rod so that the
drive rod can rotate without moving the first cord.

[0011] The first motor or other tensioner, when activated, pulls the first cord tighter
causing it to engage the drive rod. At this point, there is sufficient friction between the drive
rod and the first cord to allow the drive rod to pull the first cord. When the first motor
reverses, the tension on the first cord is released and the drive rod will no longer pull the first
cord.

[0012] Another embodiment of the mechanical capstan amplifier includes a first
tensioner and a second tensioner, each coupled respectively to a first actuating rod and a
second actuating rod. The tensioners are configured to rotate the respectively coupled
actuating rod. The amplifier also includes a drive motor having a drive rod extending
therefrom. The drive motor is configured to rotate the drive rod. A first cord extending
between the first actuating rod and a first load to be moved also extends at least partially
around the drive rod. A second cord extends between the second actuating rod and a second
load to be moved. The second cord also extends at least partially around the drive rod at a
position on the drive rod that is different from the position of the first cord. Thus, one or
more powerful tensioners may be used to tighten two or more cords with respect to the drive
rod, thereby reducing the number of tensioners required to move a load.

[0013] In accordance with another embodiment of the invention, a biomimetic joint is
described. The biomimetic joint includes a first skeletal element rotationally coupled to a
second skeletal element and a mechanical capstan amplifier that is configured to move the
first skeletal element relative to the second skeletal element. The mechanical capstan
amplifier includes a first tensioner with a first actuating rod extending therefrom. The first
motor is configured to rotate the first actuating rod. The amplifier also includes a drive motor
having a drive rod extending therefrom. The drive motor is configured to rotate the drive rod.
A first cord extends from the first actuating rod to the first skeletal element and also at least
partially around the drive rod. Actuating the tensioner causes the first cord to tighten with
respect to the drive rod, which then allows the drive rod to pull the first cord and move the
first skeletal element.

[0014] A method of moving a first load is also described. The method includes
providing a first cord that extends at least partially around a drive rod and to the first load.
The drive rod may rotate as the first cord is loosely coupled thereto. When the first cord is

tightened with respect to the drive rod, rotation of the drive rod creates friction between the
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drive rod and the first cord. Continued friction causes the drive rod to pull the first cord and
move the first load.
[0015] The above and other objects and advantages of the present invention shall be

made apparent from the accompanying drawings and the description thereof.

BRIEF DESCRIPTION OF THE FIGURES

[0016] The accompanying drawings, which are incorporated in and constitute a part
of this specification, illustrate embodiments of the invention and, together with a general
description of the invention given above, and the detailed description of the embodiments
given below, serve to explain the principles of the invention.

[0017] FIG. 1 is a perspective view of a biomimetic hand joint system using a
mechanical capstan amplifier in accordance with one embodiment of the invention.

[0018] FIG. 2 is a perspective view of a mechanical capstan amplifier in accordance
with another embodiment of the invention.

[0019] FIG. 2A is a cross-sectional view of increased tension applied to a cord with
respect to a surface.

[0020] FIG. 3 is a perspective view of the mechanical capstan amplifier of FIG. 1.
[0021] FIGS. 4-8 are perspective views of angles of contact for use with the drive rod

of a mechanical capstan amplifier in accordance with various embodiments of the invention.

DETAIL DESCRIPTION

[0022] The present invention is described in the context of a biomimetric hand. This
invention can also be employed in many other environments unrelated to biomimetrics. It
may be applied to a wide variety of different applications. It can be miniaturized or enlarged
depending on the application.

[0023] Turning now to the figures, and in particular to FIG. 1, a biomimetic hand 10
is shown and generally includes a palm portion 12 supporting four fingers 14, 16, 18, 20
extending distally therefrom. Each finger 14, 16, 18, 20 includes a proximal phalange 22, a
medial phalange 24, and a distal phalange 26, wherein a distal joint 28 couples each distal
phalange 26 to the respective medial phalange 22, a medial joint 30 couples each medial
phalange 24 to the respective proximal phalange 22, and the proximal phalanges 22 are
rotatably coupled to a distal rod 32 of the palm portion 12.

[0024] Each of the distal and medial joints 26, 28 and the joints formed at the distal

rod 32 includes a knob 34, which, as shown, is positioned lateral to the respective joint;
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however, the knob 34 could be incorporated into the joint itself if so desired. Each knob 34 is
configured to receive a cord 36 such that the cord is coupled to the knob 34 of each distal
joint 28, extends along the knobs 34 of each medial joint 30 and at the distal rod 32, and
further extends proximally along and away from the palm portion 12 to a mechanical capstan
amplifier 40, one embodiment being shown in FIG. 1. Accordingly, each finger 14, 16, 18,
20 presents a load that is rendered moveable by actuating the mechanical capstan amplifier 40
in a manner that is described in greater detail below.

[0025] The biomimetic hand 10, as illustrated, is analogous to a cable tendon robot,
wherein full control of a joint within the cable tendon robot may include two motors in order
to actuate the antagonist tendons (or, as illustrated, the cords 36). However, the mechanical
capstan amplifier 40 replaces the two requisite motors with a combination of a single large
driving motor 42 and a plurality of smaller tensioning, or control motors 44, 46, 48, 50
corresponding with fingers 14, 16, 18, 20, respectively.

[0026] FIG. 2 illustrates the basic principle of the present invention. Mechanical
capstan amplifier 60 has a single driving motor 62 and a single control motor 64. The
illustrated embodiment includes a cord 66 having a load bearing end 68 and an actuating end
70. The actuating end 70 is coupled to a tension rod 72, which is supporting by a housing 74
and operationally coupled to the control motor 64. The tensioning rod 72 may be any rigid
metallic or polymeric material, such as high-density polyethylene (“HDPE”). A washer 76
may be positioned between the tensioning rod 72 and the housing 74 to reduce undesired
friction, if desired. The control motor 64 may be an electric motor, a stepper motor, a servo
motor, or other similar motor that is capable of rotating the tensioning rod 72 to wind the cord
66. It can be any mechanism that allows the cord 66 to be pulled slightly to tighten around
the drive rod thus it can be a spring mechanism, a solenoid type device, a pusher which
engages the cord 66, or any other such tensioner. While not specifically shown, the
tensioning rod 72 may include a concave shaped that is configured to receive and retain the
cord 66 in position on the tensioning rod 72.

[0027] The cord 66 may be any unitary or woven material comprised of naturally-
occurring or synthetic materials. Alternatively, belts, straps, chains, cables, or bands may
also be used. Exemplary materials may include, for example, nylon, polypropylene, natural
fibers such as hemp or cotton, or various metals.

[0028] The cord 66 extends away from the tensioning rod 72 and extends at least
partially around a drive rod 78. The drive rod 78 is also supported by the housing 74, is

operably coupled to the drive motor 62, and may include a washer 80 to reduce undesired
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friction while the drive rod 78 is rotating. The drive rod 78 may be constructed in a manner
that is similar to the tensioning rod 72 or of a different material, with or without a concave
structure to retain the cord 66, as was described above. The drive motor 62 may also be an
electric motor, a stepper motor, a servo motor, or other similar motor but is generally larger
than the control motor 64.

[0029] As shown in FIG. 2, the cord 66 forms a 540° angle about the drive rod 78.
Said another way, the cord 66 is wrapped one and one half times around the drive rod 78;
however, this angle should not be considered to be limiting. Instead, multiple angles are
described below and would fall within the spirit of the invention.

[0030] Instead, and while not wishing to be bound by theory, Applicant believes that
two transient influences lead to nonlinear amplification of the tension output by the
mechanical capstan amplifier. That is, Applicant has found that the tension undergoes an
initial rapid amplification that is followed with a slow exponential decay with further input
tension. The force, T», derived from the mechanical capstan amplifier may be more

accurately described:

T, = Ty(—Nge e + Nye ™ 4 S5)
where T is the force input into the capstan system, N, is the magnitude of fast rising
exponential, 4, is the rate of exponential increase, Ny is the magnitude of the slow decay
exponential, 4 is the rate of exponential decay, and S5 is the steady state.
[0031] Although not bounded by any particular theory, the initial exponential
increase, indicated by the value of 44, is believed to occur as the cord conforms to the surface
of the capstan. For example, in FIG. 2A a first cord 90 at position A, having little to no
tension applied thereto, has a substantially circular cross-section. In other words, the first
cord 90 only tangentially contacts the surface 92, which represents the capstan. As the user
operates the capstan, the tension increases quickly and, as shown by a second cord 94 at
position B, the second cord 94 becomes more oval in shape and begins to flatten along the
surface 92. The flattening may continue, such as shown by the third cord 96 at position C,
until a critical tension is achieved and related to rate of exponential increase. Then, the slow
exponential loss of diminishing returns, associated with /, and dictates the behavior of the
capstan system.
[0032] With respect to the embodiment that is shown in FIGS. 1 and 3, the
mechanical capstan amplifier 40 in use with the biomimetic hand 10 includes control motor

44, 46, 48, 50 which are operably coupled to a control rod 100, 102, 104, 106 that is
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supported by a housing 108. Because multiple cords 36 are driven by the mechanical capstan
amplifier 40, the control rods 100, 102, 104, 106 vary in height, or specifically as shown,
decrease in height along the housing 108 to reduce the likelihood that the cords 36 become
entangled during use. Each control rod 100, 102, 104, 106 may include a washer 110, as was
describe previously with reference to FIG. 2.

[0033] An actuating end 112 of each cord 36 is coupled to the control rod 100, 102,
104, 106 so that operation of the control motors 44, 46, 48, 50 causes the cord 36 to wind
around the control rod 100, 102, 104, 106. Each cord 36 also extends, at least partially,
around a drive rod 114 having a washer 118, which is supported by the housing 108 and
operably controlled by the large driving motor 42. Because each cord 36 is coupled to a
control rod 100, 102, 104, 106 of varying height, the cords 36 contact the drive rod 114 along
a different position of the drive rod 114. Though not shown, the drive rod may include a
plurality of convex portions that receive and retain the cords 36 in their appropriate positions
and to further reduce the likelihood of entanglement.

[0034] Because the load end 116 of each cord 36 is coupled to one of the knobs 34
positioned at the distal joints 28, tensioning one or more of the cords, by activating the
appropriate control motor 44, 46, 48, and/or 50 causes the respective cord to tighten with
respect to the drive motor 42, continued rotation of which creates a proximally-directed force
on the distal phalanges 26 such that the selected fingers 14, 16, 18, and/or 20 extend distally
away from the palm portion 12, such as in an open hand position. Accordingly, the cords 36,
acting as muscle, pull the phalanges 22, 24, 26 in the desired direction.

[0035] Reversal of this movement includes reversing the tension on the respective
cord. For example, the illustrative control motors 44, 46, 48, 50 may be reversed to release
the tension at the drive rod 114. Additionally, while not specifically shown, another
tensioning device, such as a spring or a counter-force mechanical capstan amplifier, may be
used to contract the fingers back into a clutched fist position. Thus, once the friction is
released at the drive rod 114, the respective finger 14, 16, 18, 20 retracts into the rest,
clenched state.

[0036] While the illustrative embodiments of the mechanical capstan amplifiers have
included either one or four control rods and motors, it would be readily appreciated that other
embodiments may be envisioned that incorporate any number of control rods and motors.
Furthermore, one or more drive motors may be possible within the same housing so that two

different muscular movements may be achieved.
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[0037] Referring now to FIGS. 4-8, additional configurations of cords relative to
capstans are shown and described in greater detail. Specifically, each embodiment includes
the cord (generally labeled with the reference numeral 120 and a variable subscript), having a
load end 122 and an actuating end 124, and extending around a capstan (labeled with the
reference numeral 126 and similar variable subscript) in accordance with varying angles of
contact. The angles of contact are as follows: f=270° (FIG. 4), f=360° (FIG. 5), f=450°
(FIG. 6), p=630° (FIG. 7), and p=720° (FIG. 8). The angle of contact is related to the
response of the cord 120, as tension is applied and the level of amplification that may be
achieved by the capstan system. It would be readily appreciated that various other angles of
contact are possible and the spirit of the invention should not be limited to the few specific
examples provided herein.

[0038] As has been described in detail, a mechanical system has been described that
is capable of producing the forces in a manner that is similar to biological muscle tissue. The
mechanical capstan amplifier minimizes the mechanical system’s weight, volume, and power
consumption while providing a mechanism.

[0039] While the present invention has been illustrated by a description of various
embodiments, and while these embodiments have been described in some detail, they are not
intended to restrict or in any way limit the scope of the appended claims to such detail.
Additional advantages and modifications will readily appear to those skilled in the art. The
various features of the invention may be used alone or in any combination depending on the
needs and preferences of the user. This has been a description of the present invention, along
with methods of practicing the present invention as currently known. However, the invention
itself should only be defined by the appended claims.

[0040] What is claimed is:
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1. A mechanical capstan amplifier comprising:

a first tensioner;

a first actuating rod extending away from the first tensioner, the first tensioner
configured to rotate the first actuating rod;

a drive motor;

a drive rod extending away from the drive motor, the drive motor configured to rotate
the drive rod; and

a first cord having a first end coupled to the first actuating rod and a second end
coupled to a first load to be moved, wherein the first cord extends at least partially around the
drive rod, whereby actuation of the first tensioner causes the first cord to tighten around the

drive rod and moves the first load.

2. The mechanical capstan amplifier of claim 1 further comprising:
a housing supporting the first tensioner with the first actuating rod relative to the drive

motor with the drive rod.

3. The mechanical capstan amplifier of claim 1 further comprising:

a second tensioner

a second actuating rod extending away from the second tensioner, the second
tensioner configured to rotate the second actuating rod; and

a second cord having a first end coupled to the second actuating rod and a second end
coupled to the first load to be moved, wherein the second cord extends at least partially
around the drive rod at a position on the drive rod that is different from a position of the first
cord, whereby actuation of the second tensioner causes the second cord to tighten around the

drive rod and further moves the first load.

4. The mechanical capstan amplifier of claim 1 further comprising:

a second tensioner;

a second actuating rod extending away from the second tensioner, the second
tensioner configured to rotate the second actuating rod; and

a second cord having a first end coupled to the second actuating rod and a second end
coupled to a second load to be moved, wherein the second cord extends at least partially

around the drive rod at a position on the drive rod that is different from a position of the first
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cord, whereby actuation of the second tensioner causes the second cord to tighten around the

drive rod and moves the second load.

5. The mechanical capstan amplifier of claim 4, wherein the first and second loads are

moved simultaneously.

6. The mechanical capstan amplifier of claim 1, wherein the cord forms an angle of
contact at the drive rod between the first actuating rod and the load, wherein the angle of

contact is greater than about 180°.

7. A mechanical capstan amplifier comprising:

a first tensioner;

a first actuating rod extending away from the first tensioner, the first tensioner
configured to rotate the first actuating rod;

a second actuating rod positioned away from the first actuating rod;

a second tensioner coupled to the second actuating rod and configured to rotate the
second actuating rod;

a drive motor;

a drive rod extending away from the drive motor, the drive motor configured to rotate
the drive rod;

a first cord having a first end coupled to the first actuating rod and a second end
coupled to a first load to be moved, wherein the first cord extends at least partially around the
drive rod; and

a second cord having a first end coupled to the second actuating rod and a second end
coupled to a second load to be moved, wherein the second cord extends at least partially
around the drive rod at a position on the drive rod that is different from a position of the first
cord,

whereby actuation of the first tensioner causes the first cord to tighten around the
drive rod and moves the first load and actuation of the second tensioner causes the second

cord to tighten around the drive rod and moves the second load.

8. The mechanical capstan amplifier of claim 7 further comprising:
a housing supporting the first and second actuating rods, the first and second

tensioners, the drive rod, and the drive motor.
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9. The mechanical capstan amplifier of claim 7, wherein the first and second loads are

positioned away from the mechanical amplifier.

10. A biomimetic joint comprising:
a first skeletal element;
a second skeletal element rotationally coupled to the first skeletal element; and
a mechanical capstan amplifier configured to move the first skeletal element with
respect to the second skeletal element, the mechanical capstan amplifier comprising:
a first tensioner;
a first actuating rod extending away from the first tensioner, the first tensioner
configured to rotate the first actuating rod;
a drive motor;
a drive rod extending away from the drive motor, the drive motor configured
to rotate the drive rod; and
a first cord having a first end coupled to the first actuating rod and a second
end coupled to a first skeletal element, wherein the first cord extends at least partially
around the drive rod,
whereby actuation of the first tensioner causes the first cord to tighten around the
drive rod thereby causing the first skeletal element to rotate with respect to the second

skeletal element.

11. The biomimetic joint of claim 10 further comprising:

a third skeletal element positioned away from the first skeletal element and
rotationally coupled to the second skeletal element, wherein the mechanical capstan amplifier
further comprises a second tensioner and a second actuating rod, the second tensioner being
configured to rotate the second actuating rod, and a second cord having a first end coupled to
the second actuating rod and a second end coupled to the third skeletal element, wherein the
second cord extends at least partially around the drive rod at a position on the drive rod that is
different from a position of the first cord, whereby actuation of the second tensioner causes
the second cord to tighten around the drive rob thereby causing the third skeletal element to

rotate with respect to the second skeletal element.
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12. The biomimetic joint of claim 10 further comprising:
a counter-force actuator extending between the first and second skeletal elements and

configured to resist movement of the first skeletal element with respect to the second skeletal

element.
13. The biomimetic joint of claim 12, wherein the counter-force actuator is a spring.
14. A method of moving a first load, the method comprising:

providing a first cord that extends at least partially around a drive rod and to the first
load;

rotating the drive rod while the first cord is loosely coupled thereto; and

tightening the first cord about the drive rod such that continued rotation of the drive

rod creates friction between the drive rod and the first cord and the first load is moved.

15. The method of claim 14 further comprising:

providing a second cord extending at least partially around the drive rod and to a
second load, the second cord at least partially surrounding the drive rod at a position on the
drive rod that is different from a position of the first cord;

rotating the drive rod while the second cord is loosely coupled thereto; and

tightening the second cord about the drive rod such that continued rotation of the
drive rod creates friction between the drive rod and the second cord and the second load is

moved.

16. The method of claim 15 further comprising:
releasing the first cord such that the drive rod rotates with the first cord loosely
coupled thereto and while the second cord continued to be tightened with respect to the drive

rod and the second load continues to move.

17. The method of claim 14, wherein tightening the first cord includes coupling the first

cord to an actuating rod and rotate the actuating rod.
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