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Abstract—This paper describes the design and performance  Steel cables for such drives provide zero cold creep, and if
of a synthetic rope on sheave drive system. This system usesjesigned properly, can survive hundreds of thousands ¢ésyc

synthetic ropes instead of steel cables to achieve low wetgind a [8]. However, steel cables require a large ratio of minimum
compact form factor. We demonstrate how this system is capadé L . . P

of 28Hz torque control bandwidth, 95% efficiency, and quiet b?nd radius to cable.radlus— .typlcally 18:1 in thewm
operation, making it ideal for use on legged robots and other diameter range [9]. This results in large system components
dynamic, physically interactive systems. Component geortry

and tailored maintenance procedures are used to achieve Hig

endurance. Endurance tests based on walking data predict tt ~A. Approach: Synthetic Rope Drives

the ropes will survive roughly 247,000 cycles when used on large heti ff ial f .
(90kg), fully actuated bipedal robot systems. The drive systems ~ SyNthetic ropes offer potential performance improvements

have been incorporated into two novel bipedal robots capakel of Over steel cables. Synthetic ropes such as Vectran can have
3D unsupported walking. Robot data illustrates effective orque  higher strength to weight ratios than steel [10]. In additio
tracking and nearly silent operation. Finally, comparisors with  gynthetic ropes can wrap around pulleys with an 8:1 diameter
alternative transmission designs illustrate the size, wght, and i 111]. At diameter ratios around 8:1, Vectran is expect
endurance advantages of using this type of synthetic rope dre o . . ’ .
system. to maintain~ 85% of its tensile strength [12]. This enables
components that are rough$% smaller than their steel cable
counterparts. This ability of synthetic drives to providgh
torque density is especially appealing for mobile robo®.[1
Synthetic ropes have been used for a variety of robotic appli
l. INTRODUCTION cations including tendon drives and Bowden cable systems
LECTROMAGNETIC motors are widely used in robotin robotic manipulators, automated test-beds, and efficien
applications due to their high peak efficiency, poweajuadruped robots [13]-[15].
density, quiet operation, and commercial availabilitywdwer,
their low torque density frequently necessitates speedcred
tion mechanisms [1]. Such mechanisms can reduce efficiency
lower bandwidth, and add substantial weight and complexity
[2].

Cable-based mechanisms can provide speed reduction wit!
reduced weight and enhanced design flexibility when com-
pared with conventional gearing. Cable-based drive system
are used for robot arms, walking robots, and haptic intedac
[3]-[5]. Capstan drives employ dual cables wrapped in a
figure-eight shape around the input (sheave) and the output
(P“”ey)_' These drives offer low mertla, zero backlashd rSlr‘:ig. 1. A rendering of the capstan drive and a photograph efdpstan
high stiffness [6], [7]— all of which are advantageous fogrive implemented on one of Sandia’s bipedal robots.
high-quality impedance control.

Index Terms—Mechanism Design of Mobile Robots, Humanoid
Robots, Humanoid and Bipedal Locomotion.

Manuscriot received: Audust 31 2016: Revised Novermber ZDi6: However, there are several drawbacks with synthetic ropes.
Accepted Dpecember’ 8 20196_ T ' b ’ In_spite of their high strength, cycle life can bg extremely

This paper was recommended for publication by Editor PaalocB upon brief (hundreds to a few thousand cycles). The primary failu
evaluation of the Associate Editor and Reviewers’ commeifisis work was  mode is believed to be material breakdown caused by abrasion
supported as part of DARPAS Maximum Mobilty and Manipitat (M3) between rope fibers [16]. Maintaining tension throughow@t us
Program petween rop [16]. Maintaining U9

A. Mazumdar, S. Spencer, C. Hobart, J. Dabling, T. Blada, Ki-D is critical both to achieve high stiffness and maximize eycl
lea, M. Kuehl, and S. Buerger are with High Consequence Aatom|ife. Keeping proper tension is complicated by the fact that
tion and Robotics, Sandia National Laboratories, Albuquer NM, USA. d der load. Al h
amazund@andi a. gov; sbuer ge@andi a. gov some common rope types cold creep under load. Also, the

Sandia National Laboratories is a multi-mission laboratoranaged and end terminations are frequently weaker than the rope and can

operated by Sandia Corporation, a wholly owned subsididry.azkheed  [imit performance if not carefully designed and protecEde
Martin Corporation, for the U.S. Department of Energy’s ibiaal Nuclear h f h le life of heti is diffi
Security Administration under contract DE-AC04-94AL8500 to these factors, the cycle lite of synthetic ropes Is dittito

Digital Object Identifier (DOI): see top of this page. model and can be impractically brief.



IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACEPTED DECEMBER, 2016 2

Our team has developed a new drive system for bipedalrface). Higher impedance is required to control the leg
walking robots that addresses each of the aforementiortezjectory during swing and to maintain posture under load.
issues and has demonstrated success in practice. Thisgys&iff but intrinsically low impedance drive systems thabal
shown in Fig. 1, uses braided Vectran (spun liquid crysttie implementation of techniques like “simple” impedance
polymer) rope which does not cold creep [10]. The use abntrol [17] are preferred. Such systems can implement a
braided rope (as opposed to twisted or plaited) reduceszbe svide range of output impedance using exclusively motion
of the recommended sheave [11]. A custom sheave and pulfegdback [18], which makes them largely invulnerable to the
design supports the rope shape under load, prevents rubhingtact instability challenges introduced by torque femitb
between successive turns of the rope, and ensures thatpbe [@9]. It is also noteworthy that when torque feedback is used
rides only on highly polished surfaces. A compact tensignirovercome high intrinsic impedance, energy must be expended
system enables simple installation, replacement, antktigig to overcome internal friction and inertia, thereby redgcin
of the ropes. Small rope terminations have been developsfticiency. Since motor friction and inertia are reflectedhe
and are capable of handling high loads. These terminatiamstput with the square of the transmission ratio, low getinsa
are further protected through geometry to reduce loading axe needed to achieve intrinsically low impedance [20].
the rope ends. Our examination of existing technologies did not provide

The system performance: fatigue life 200,000 cycles, a suitable option that achieved our desired combination of
95% efficiency across relevant load and speed conditiorafficiency, bandwidth, torque density, zero backlash, awd |
28H > torque control bandwidth, and virtually silent operatiomtrinsic impedance. Therefore we developed a new drive
are all competitive with state of the art drive systems andtmesystem that better meets the application needs. We believe
the needs of dynamically-controlled legged robots. this system is broadly applicable to legged robots and other

Our low reduction Vectran drive system compares favorabtlynamic, physically interactive systems. The system oedli
with more traditional alternatives. The reduction ratid®:Q in this paper has demonstrated the following propertieskvhi
and lower) described in this work push the limits of harmonienable it to provide effective, versatile, highly efficievalking
drives due to the need for low tooth count and large flesontrol via simple impedance control.
spline deformations. The synthetic rope drive system sffer 1) Single-stage speed reductions ranging from 5:1 to 10:1.
mass savings and reduced backlash when compared with These ratios were identified using a combination of

traditional gearing, and provides size savings over syorabus
belt drives. Finally, when compared with steel cable driites
most similar alternative), our Vectran rope drive dematss
dramatically better endurance life. The main disadvargade
our approach are the limited range of output motiern2(0°),

analysis and optimization which seek to minimize motor
energy consumption and ensure that reflected motor
inertia and friction do not dominate the output dynamics.
Output torque capability of50 Nm — 200N m (depend-

ing on gear ratio) and speed capability of upfoad/s.

the finite endurance life of the ropes, and the need to monitor These metrics are based on walking simulations and

rope tension and overall condition. provide sufficient capability for &0k¢g humanoid biped

robot walking at a range of speeds.

B. Paper Overview 3) Accurate torque control without torque feedback. Since
transmission friction, backlash, and inertia are mini-
mized, closed loop current control of the motor can be
used to control output joint torque. This eliminates the
need for torque sensing at each joint and removes losses
associated with overcoming internal impedance.

) Torque control bandwidth &f8 H z. This is comparable

with existing electromagnetic torque control systems

such as motor driven series elastic actuators [21] and
achieves high fidelity control during bipedal walking
experiments.

Efficiencies 0f05%. This is comparable to existing high

performance systems such as low ratio, single stage, spur

and planetary gearboxes [22], [23].

Il. DRIVE SYSTEMS FORIMPEDANCE CONTROLLED 6) Demonstrated endurance df0, 000+ cycles. This cor-
LEGGEDROBOTS responds to more thatp0 hours of use.

Drive systems for legged robots require high efficiency, 7) Very low sound levels, enabling quiet operation and
high bandwidth, minimal backlash, high specific torque and  allowing human workers to communicate and work
torque density, and variable impedance. The need for Veriab safely around robotic systems.
controlled impedance is critical for systems that intemhgt
namically with the environment. Dynamic walking requires
low and compliant leg impedance during transitions intd- Sheave and Pulley Design
and out of ground contact in order to limit force spikes in The capstan drive architecture uses two cylindrical device
response to perturbations (e.g. due to uncertainty in thergt  The small diameter “sheave” is attached to the output of

In this paper we introduce the properties of drive systems
for impedance controlled legged robots, and then descole h
our synthetic rope drive is well suited for such applicasion
The results of bench tests to characterize strength, baitidwvi
and efficiency are summarized. Rope endurance results fro
a bench-level dynamometer are presented, and best pgactice
for maximizing endurance are identified. The rope drive is
compared with several alternative transmission appraache
such as gearing, harmonic drives, belts, and steel cables. W
conclude with the incorporation of our rope drives into 3D, 5)
fully actuated bipedal robots.

Ill. CAPSTAN DRIVE SYSTEM DESIGN
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the motor, while the larger diameter “pulley” is connecte®. Rope Selection

to the joint output. Two identical ropes are Wrap_ped_around Examples of synthetic ropes include high modulus polyethy-
the sheave and pulley to carry loads in both directions. |gne (Dyneema), para-aramid fiber (Kevlar), poly-p-phengt
the .foIIowing sub—sectipns we descril_aekey featyres of our 2, 6-benzobisoxazole (Zylon/PBO), and spun liquid crystal
design tha}t are essential to overcoming the unique Cha@n%olymer (Vectran). All of these fiber types provide excellen
of synthetic ropes. strength to weight ratios. Of these, Vectran provides the
1) Sheave and Pulley Properties: A helical contour is best combination of very low cold creep and relatively low
machined into the sheave in order to prevent the rope frasensitivity to UV/visible light (depending on coating) [$12].
wrapping and rubbing on itself. The helix is carefully desd The rope diameter impacts pulley/sheave geometry as well
to capture the rope and prevent it from flattening. This fieatuas the load capacity and stiffness. We estimate the tension
is visible in Fig. 1. In order to prevent abrasion between the the rope,T;., using the output torque,;, the transmission
surface and the rope, both the sheave and pulley are machireib, vV, and the diameter of the rops.

to a very high polish. Using the manufacturer’s minimum diameter ratio8of1,
2) Rapid Rope Tensioning: Maintaining rope tension is the sheave diameteR;, is
essential for maximizing rope life and eliminating backlas D. —8d )

If a proper pre-load is not maintained, the ropes can go slack

This can result in shock loads to the rope which we found fthe pulley diameterD,,, can then be determined using the

dramatically reduce rope life (Section VII). transmission ratio, and the tension in the rope can be bl
The ropes are installed loose and then tensioned before (@ng the desired torquey, and the preload tensioffy,,..

A wear-in period of r_oughly 10-50 cycles is required, aII_Dg/? D, = ND, ©)

the ropes to settle into the pulley and sheave and distribute

the preload evenly. Tensioning is repeated following thamwe

in period and occasionally thereafter. Generally, we found Tiorque = 2Dﬂ 4)
that after 1000 cycles, additional tensioning is unneggssa P

Our rope tensioning system uses a tensioning pulley mounted 275

on a carriage. As the bolt is tightened, the tensioning pulle T = Ttorque + Tpre = SNdgp + Tpre ®)

Zggbﬁfs"z ﬁgr:;gs?orrl:icr)]veétsggtchc; I?]% wﬁe;gi'r -Il;hl'ss raep:ﬂ?: We present an example design using a transmission ratio of
P 9 v N =6 and a desired joint torque db0Nm. These numbers

3) Termination Protection: Since the terminations are gen-yre pased on loading at the knee joint of our robots and
erally weaker than the rope itself (Section V), they argspresentworst-case torque conditions from initial satiahs.
protected using extra wraps on both the sheave and pghsed on the expected loading we selected New England
ley. The rope tension7;, consists of two components: theropes’3mm diameter, V12 12-stranded Vectran rope (break
preload tension7;., and the tension from the joint torque.strength o400V, linear density of’.4¢/m). This rope comes
Tiorque- The preload tension is used to prevent the ropgsated with the company’s Marine-Tech coating for impibve
from going slack and is uniformly distributed along the ropgprasion and UV resistance. In order to ensure that the rope
and terminations. However, the capstan effect signifiganiioes not go slack, we tredt,.. as equal to the max joint
reduces the force from the joint torque that is felt by thgrque r,. Under these conditions, the peak rope tension was
termination. The coefficient of static friction between Wao gastimated to be8950.N, or 42% of the break strength. The
cable and aluminuny,, was measured to be 0.3. The angle afame rope was used for all the leg joints; many joints see

engagement), is > 2 for the sheave, and for the pulley. |ower loads than the knee, resulting in lower load percemtag
The force on the terminatiorf;..,.,, can be determined using

the following expression C. Rope Termination

Trorque Ropes were terminated using stainless steel cylinders with
Frerm = == + Tpre (1) tapered holes as shown in Fig. 2. The cylinder is placed over
the rope end and the rope is then prepared by spreading out the
Alternative rope fixation methods such as calking, or sewirigdividual fibers. The tapered hole is filled with epoxy, fong

have demonstrated the ability to get up&® — 90% of the an epoxy wedge that resists rope movement. One drawback to
rope strength [24]. this method is that the epoxy can wick up the rope. This means

4) Rope Lubrication: Lubrication can reduce abrasive WeaFhat the rope must depart straight from the termination.

between adjacent rope fibers and against the aluminum sur-

faces, improving efficiency (Section VI) and increasingleyc IV. ROPECHARACTERIZATION

life by approximately20% (Section VII). We use Krytox The static properties of the terminatednm diameter
grease to lubricate the ropes. Since the lubricant reddmes Yectran cable were measured using an MTS servo-hydraulic
friction between the aluminum and the rope, it also reducksad frame (Model 312.21) with7860N load capacity. Rope
the capstan effect. Therefore, we do not apply lubricanhéo tsamples oB05mm in length were pulled to moderate loads,
extra wraps on the sheave or pulley. cycled, and pulled until failure. A set o samples were



IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACEPTED DECEMBER, 2016 4

9.53mm

6:1 Synthetic
&4 Rope Transmission

. [ N
»
Torque Motor § ‘ E .
‘ .

5.11mm
3.05mm

Fig. 4. A photograph of the dynamometer designed for higquerand high
7.32mm speed testing.

Fig. 2. CAD illustrations and photographs of the rope teations.
V. DYNAMIC RESPONSE

A. Experimental Test-bed

A bench-level system (Fig. 4) was developed to evaluate
the performance of the synthetic rope transmission. Tlsis te
bed is based around an Allied Motion Megaflux (MF0127032-
X0X) motor connected to a 6:1 Vectran rope capstan drive. The
Megaflux motor is operated in torque control mode (closed
loop current control) and is referred to as the “torque mobtor
The torque motor is identical to the hip flexion motors on one
of our robots [25], and is very similar to many of the other
robot joint motors. The torque motor is controlled using an
Allied Motion XDA-16000000 motor drive.

Fig. 3. Force-displacement data from rope pull testingde}l a photograph ~ The torque motor shaft is connected through a Futek
of a failed rope termination (b). FSH00682 torque sensor to the shaft of the “position motor,”
a Parker Hannifin DC motor with a 25:1 gear reduction
(MPP1154B70). The position motor is controlled in position
control mode using an ACS CMhp1COE1N4004 controller.
tested to failure. Every sample failed at the terminatione T The position motor imposes a motion trajectory on the torque
average force at failure wai800.N, and the worst performing motor while the torque motor provides a corresponding terqu
termination failed a982.NV. profile. This configuration is used to evaluate the perforvean

Data from the worst-case pull test is shown in Fig. 3. THY the rope drive and other components under simulated
data in Fig. 3-a shows 3 regimes. Regime 1 is the initi@fPedal walking conditions.
tensioning of the rope, causing it to straighten and settle.
Relaxing the force to nearly zero still leavesamm change B. Frequency Response

in length, indicating permanent elongation. Regime 2 is the .
Torque control frequency response experiments were per-

cyclic _Ioadmg of th_e rope petweeh_BON gnd 2700N. T_h|s formed with the output of the position motor regulating toaze
behavior is approximately linear with minor hystereS|seThThe input to the system was the current commanded to the

stlff_ness |n_tr_1|_s Secof‘d regime-(618kN/m) is hlgher_ than torque motor/,., and took the form of a random input between
during the initial loading £ 287kN/m). When used with the

. —10A and 10A. Peak measured torques wet®5Nm. The
sheave and pulley, the rope stiffness depends on the active

. . . commanded current and measured tor are shown in
length of the rope. Finally, regime 3 represents the faihfre qH2as

the rope at2982N at the termination. A close up view of aF'g' 5-a. The commanded joint torque, = [N K, can be .
) R A computed from the current command, the transmission ratio,
failed termination is shown in Fig. 3-b.

N, and the motor torque constank,;. The torque control
The weakest termination failed in tensile testing2aé82N  performance can be determined by comparing the measured
or 32% of the rope’s tensile strength. While this minimuntorque, 7,,cqs, t0 7. The measured frequency response is
termination failure force is below the maximum estimateshown in Fig. 5-b. The).707 bandwidth was measured from
tensile load 3950NV), the capstan effect at the pulley andhe experimental results, and w2&H = for unlubricated ropes
bobbin ensures that the termination sees a reduced loghown in Fig. 5-b) an@7H = for lubricated ropes.
The worst case maximum tensile load on the termination isA simplified, linear lumped parameter model was fit to the
2736 N which is240N less than the failure load for the worstdata by tuning damping and stiffness parameters. Analyisis o
performing termination, and564N less than the averagecomponent properties implies that the bandwidth is limltgd
termination failure load. Therefore, this terminationidasis both the Vectran rope elasticity and the output shaft &
sufficient for our requirements. The long active length of the cables({.45m) means that their
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(a) Force-Displacement Measurements (b) Failed Rope Termination
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Fig. 6. Diagram of the test-stand control volume (a), andggnmeasurement

Fig. 5. Time series (a) and frequency response (b) for thesyilentification data from the efficiency trajectory (b). The gap between éukand blue lines
of the drive system. in the measured data is the energy lost in the drive system,

stiffness affects the system dynamics. Other parts sucheas t 5

load cell and couplings are estimated to be far stiffer thmen t Er = /I(t) R,,dt. (8)
rope. Angle data from the position motor also demonstrated a

high stiffness, and removing the position motor dynamiek di nr = _ B (9)
not significantly alter the results. Ey — Eg

Average estimates for the efficiency of the entire transmis-
sion system range afe95 for unlubricated ropes an@96 for
lubricated ropes. Over the loads tested, transmissioneaftig

The efficiency of the synthetic rope drive system was estippears to increase slightly with load. One set of experiaien
mated by using the torque motor to back-drive the un-powergskults 27Nm command44W average mechanical power) is
position motor. The friction and inertia of the large pamiti shown in Fig. 6-b.
motor provide a substantial load to resist the torque motor.A consequence of the high efficiency of the synthetic
A sequence of positive and negative step current commandpe drive is its quiet operation. This is highlighted in the
was used to emulate the cyclic and bidirectional nature gaécompanying video. Sound pressure levels of the motor and
walking motions. These motions include regions with zen@ansmission in motion were measured using a BAFX Ad-
velocity and zero torque. Joint torque commands rangif@nced Sound Meter at a distance306mm. The measured
from 16 — 32Nm in magnitude were used, corresponding tgound pressure is roughiyd BA— significantly quieter than
19 — 66W of average mechanical power. Measurements wefiermal conversation at this distance¢BA).
taken with unlubricated ropes and with ropes that had Krytox
lubricant worked into the fibers. VII. ENDURANCE

To estimate the efficiency, we create a control volume Rope endurance was characterized on the test-bed using
encompassing the torque motor and transmission, showntiine-synchronized motion and torque trajectories represe
Fig. 6-a. The quantityE; represents the energy into theative of simulated and real walking behaviors. Ropes were
torque motor and is determined by measuring the voltages asdsioned periodically during the first 000 cycles. A variety
currents into each of the 3 motor phases. The qua#tityep- of trajectories and ropes were tested, and the results are su
resents the energy out of the drive system and is determinedarized in Fig. 7. For simplicity, the various testing cdiutis
measuring the torque and position at the output shaft. Bnergre numbered 1-11, and are referred to as “RT's” (“rope’tests
is lost to resistive losses in the motor phasBg, and in the In early development, a few terminations failed immediatel
rope drive transmissiorfyr. All other losses and any energyunder load, with the rope pulling free from the epoxy. These
stored in the control volume are not modeled specifically arighfant termination failures” (RT1) indicate failures ofiglity
get lumped into our estimate dfr. Conservation of energy control in termination fabrication.
for the control volume yields the following

VI. EFFICIENCY

A. Initial Testing: 3mm Vectran

Most RTs used 3mm V12 Vectran from New England ropes.
The efficiency of the motor and drive system,,, can be A preliminary trajectory involving simple positive and ratye

Ey-Er—Er—FE;=0 (6)

determined fromF; and Es. 20Nm torque commands was first used to examine rope
E behavior. This trajectory reached the ends of the pullaythe
Nsys = Fz (7) rope failed in this area aft&0, 000 cycles (RT2). A candidate
1

trajectory was selected from walking simulations devetbpe
The resistive lossFr, is highly dependent on torqué’z by the Florida Institute of Human and Machine Cognition
represents Joule heating and is estimated from the measu(iteMC). The trajectory is from hip extension/flexion during
current, I(t), and the measured motor phase-to-phase rediast walking and creates aggressive torque and speed condi-
tance,R,,. The transmission efficiencyy, can be estimated tions. Several variants were tested using this trajecteeak
from E5, E1, ER. loads of 125 Nm were initially used (RTs 3-5).
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Fig. 7. A bar graph summarizing the rope endurance testtsesul

1) Role of Pre-Tensioning: Aggressive tensioning of the low resistance to UV light, but can be treated with coatirays t
ropes was shown to extend life substantially by preventingprove performance. Silicone oil treated (Vectran T9&e®
shock due to load variations. Ropes were tightened untyl thenly about30% of its tenacity in the presence of UV light
did not slide on the pulley when pushed by hand. Life waafter 600 hours of exposure [12].
extended fron22, 000 cycles (RT3) to32, 500 cycles (RT5).

2) Role of Load: To examine load dependence, the peak 3ym \ectran with Robot Trajectory

load was reduced td00Nm. This 20% reduction in load . . _ . .
resulted in a nearly 3 fold increase in rope life, as can bePrOJeCteOI rope life during robot walking was estimated
seen by comparing RT5 and RT6 using gait data obtained from our walking robots. These t©bo

3) Role of Proper Lubrication: The benefits and perils of use several passive dynamic elements to reduce core diivetr

lubrication were studied in RT4 and RT7. Krytox grease wei ad at the_jo_ints, an_d therefore loads are cqnsiderablyerlow
applied to the ropes to reduce self-abrasion. In RT4, ropes winan the original design values [25]. The trajectory froneon

lubricated very near the terminations, reducing the capstgf thehanI;Ie Jomt;s feac;u][ed the_ h'gh_ﬁ?.t mot.or '[OI’QL::ES and
effect and transmitting large loads to the terminations.as'V@S therefore selected for testing. This trajectory fesur

result, the rope failed at the termination after orly, 000 GON,m peak torquefs, and was tgsted using aggressive pre-
cycles. In contrast, RTs 2, 3, and 5-11 all failed away frofgnsioning (RT11) without lubrication. Tinm Vectran rope

the termination and near the location on the rope that beaars §urV|ve_d247, 614 cyclgs Wh_'Ch corresponds to rougilyokm .
trajectory’s peak torque. When applied only to the movinggro of Wallkmg. Th!s test is believed to be the most represer&atl
segments away from the terminations, lubricant can inerea%f typical loading on the WANDERER robot (Section IX).
life by roughly20%. The results of RT7 illustrate how periodic
(every 7500 cycles) applications of lubricant added nearly V!II. COMPARISONWITH OTHER TRANSMISSION
23,000 cycles to the rope life when compared with RT6. APPROACHES

Comparisons with other transmission types were performed
using a notional 6:1 drive system ratedl&) N'm. The output
torque was chosen to roughly match the notional torque limit
, ) ) of our 6:1 rope drive which is currently limited by the stréimg
a jacketed composite).5mm diameter Vectran, andmm ot yhe terminations (Section 1V). The other components and
Zylon. With the jacketed composite, the jacket made prgpetl, ropes themselves are capable of transmitting @FadVm.

gengomng the :jo?e.llrgpoffsmle.l The ropel visibly sIacI:]engA% the rope terminations improve, the comparative mass and
uring tests and failed after only, 000 cycles (RT8). The size savings from of our synthetic rope drive will increase.
2.5mm Vectran from Samson ropes (RT9) was used to explore

the role of a slightly smaller diameter. The rope survived

97,765 cycles, roughly the same as the unlubricagedm A Gears

Vectran. RT10 usedmm Zylon rope with the protective outer Synthetic rope drives provide two advantages when com-
jacket removed. The Zylon rope survived 3,774 cycles, pared with spur gears: backlash and mass. Cable basedrcapsta
outperforming the unlubricateédinm Vectran. However, Zylon drives have theoretically zero backlash [6], which is inmgsos
has poor UV resistance: one study has shown that unsheathledwith compact, low friction gearing. Sample gears were
Zylon loses more thaffi0% of its tensile strength after 144designed using the American Gear Manufacturers Standard
hours of exposure to UV light [26]. Vectran can also haveAGMA 220) for a 150 Nm output torque [27]. Efforts were

B. Other Rope Types
Three additional rope types were tested without lubricatio
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made to ensure an accurate comparison by using only ste ° pjpy § —
teeth on the output gear. The remainder of the output gear | X
aluminum. The combined mass of the input and output geat
is 1.0kg. In contrast, the combined mass of the rope driv
sheave, pulley, ropes, tensioning components, and tetimmsa

is 0.46kg. Similar analysis was performed for a 6:1 pIanetary!f
gear design. The combined mass of the 3 planet gears, the rigg
gear, the sun gear, and the planet carriet.¥:g. Gears can

also be susceptible to impacts with the environment [21]. We
hypothesize that the rope elasticity would enhance the d¢tmpa §¥
tolerance of the synthetic cable drive. |

B. Harmonic Drive E

Harmonic drives offer high efficiency, torque capacity, com = Hipz G4
pact size, and zero backlash. However, harmonic drives ai . |
generally suitable for large reductions (30:1 to 320:1)][28 i,}\fc
In this work we desire much lower ratios (10:1). Achieving
such low ratios with strain wave gearing is difficult. As the
transmission ratio reduces, the teeth grow larger and gre .
deflections of the flex-spline are requirged [28]. ?:inite a%grm %g' 8. Phatographs of the fope drive system on the WANDERBSR
techniques and optimization have been used to achievesratio
of 30:1, but this may represent a lower practical limit [28].

(b) Compact integration of hip joints (c) WANDERER bipedal robot

or 50% larger than the synthetic rope sheave. Synchronous
belts also require continuous rotation, meaning that acfrdle

C. Steel Cable is required at the output. This increases the design fautpri

Synthetic ropes provide an endurance/size advantage o¥gpecially for joints with small output motions.

steel cables. Steel cable manufacturers recommend a mimimu
ratio of curvature to rope diameter of 18:1 faemm, 7 x 19,
steel cables (versus 8:1 for braided Vectran) [9], [11].c8in
the strength of steel cable and Vectran fiber is comparable,

this means that proper usage requires an input sheave a . . .
brop 9 9 P n\(I‘Ie have incorporated these drive systems into two fully-

output pu_IIey_ that are2.25 t|m_es larger when. using Steelactuated, 3D, human-scale, bipedal robots which use the syn
cables. Violating the bend ratio recommendation can redugcé

endurance life to levels that are not practical. We iIIth-:‘trat etic rope transmission_s at each of their 12. leg joints.lém_ar
this with a transmission using equivalent strength stebleca e?fticl?;ioggg(’): r}ir\/\éarrler:geﬁgth?g:%%;pehlfv\xoﬁlglgpeg%e?s
(3.2mm diameter) combined with the same-sized componen gency P

as those for the Vectran fiber. This design is similar to thE Ovz):tlgrgl%th%rv-\ll-izz it;aeﬁir:;js;;?ogtlposin{zn%\Eﬁ flréom.s?mto
Vectran transmission described earlier: the gear ratio and’ . . J ' 9]

package size are the same. However, in order to match Sié%;g;i?g;:ﬁgi (r)r;lnngu{nseﬁggcfvgﬁo}tgecrt;arplsrogfe fr’]:nr?) e
the steel cable is subjected to an 8:1 bend radius on theeheav ™ : put s y grap . P
rather than the 18:1 it is designed for. five systems incorporated into WANDERER are provided in

The performance of the steel-cable drive was evaluatg'cg' 8-a,b. These photos illustrate the tensioning mesmani

on the test-bed. The steel cable drive is quiet, has gan\d the compact nature of the drives. Fig. 8-a shows the hip

efficiency (.95), and improved bandwidtt3¢ H z). Endurance Hexmn/extensmn joint (HipY), gnd Fig. 8.'b shows how th?
. . i . . .~ compact nature of the synthetic rope drive enables effectiv
was evaluated using the hip flexion/extension trajectoth ai

100Nm peak torque. The steel cable drive failed afie881 packagmg of t_he other two hip joints (x: ab/adduction, z:
S . _inversion/eversion).
cycles. When compared to the lifetimes demonstrated in Fig.

7, this steel cable has far lower endurance life than thersiect 10 illustrate torque tracking performance, knee torque dat
during unsupported 3D walking was measured using a robot

] instrumented with strain gauges. The data shown in Fig. 9,

D. Belt Drive illustrates how the measured torque,, tracks the com-

Synchronous belts offer high efficiency and negligible backnanded torquey., using current-only control. The accom-
lash. The size of components tends to be larger than thoseganying video illustrates the performance of WANDERER.
synthetic rope drives, due to tensile strength limitatiohthe WANDERER was demonstrated at the Technology Exposition
belt. Based on a 6:1 design witth0Nm output torque, the section of the 2015 DARPA Robotics Challenge Finals as part
belt width is40mm with high strength, steel-reinforced beltsof the “Robot Endurance Test” where it walk@&km on one
(5mm pitch). The belt width should not exceed the sheaveattery charge. To date, WANDERER has walked for- 12
diameter [27], so the belt sheave would4ienm in diameter, hours (16,000 cycles) without a rope failure.

IX. ROBOT INTEGRATION
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Fig. 9. Data illustrating torque tracking during bipedallkig. o]

X. CONCLUSIONS

This work demonstrates that capstan drives with synthe'Eilg
ropes can provide impressive efficiency and torque control (L]
a lightweight package. The potential issues with this apgino 12]
stem mainly from rope elasticity and endurance. Despite tLe
presence of rope elasticity, we achieved good torque conti!
bandwidth 28 H z). However, the rope stretch under load (up
to 0.1 radians at the output) means that many applications]
(e.g. our bipedal robots) require output position measergm
While knowledge of rope failure mechanics remains limited,
our testing shows that with proper care, lifetimes of huddre[15]
of thousands of cycles are achievable. This is competititie w
prior reports of failures of steel and tungsten cables [8].

The specific synthetic rope drive system outlined in thise]
work minimizes size and weight, eases assembly and rope
tightening, and maximizes rope endurance. The experirhenta
results illustrate that this drive system is capable of highv
bandwidth torque control, quiet operation, and efficienk@o
transmission, while providing a record of the impact of Iu[18
brication, tensioning, and load on endurance. The ropeesriv
have been shown to survive up 247,000 cycles, and have

demonstrated good performance during bipedal walking. [19]
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