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Research in bipedal robotics aims to design machines wittspleed, stability, agility,
and energetic efficiency of a human. While no machine builayockalizes the union of these
attributes, several robots demonstrate one or more of thiém.Cornell Biped is designed to
be highly energy efficient [1]. This robot walks with a dimawrdess mechanical-transport cost
cme Of 0.055; the corresponding efficiency for a typical humai®.85. The down side of this
achievement is that the robot can walk on only flat groundriistand falls in the presence
of ground variations of a few millimeters. The Planar Bipediich excels at agility, can run
stably on one or two legs, hop up and down stairs, and can bowerdpiles of blocks, but does
not walk well [2] [3] [4]. This robot is inefficient, due to itsneumatic and hydraulic actuation.
Moreover, the physical principles which underlie its metdbal design and its control system
are difficult to generalize to other machines. The bipedhbtdrabbit exhibits robustly stable
walking under model-based control [5], [6]; a controllempiemented on the robot in 2002 still
functions today. On the other hand, Rabbit can run only a fewsstwithout falling [7], and its

mechanical-transport cost is 0.38.



MABEL, shown in Figure 1, aims to achieve a better overall compse in speed,
stability, agility, and energy efficiency. This robot can theught of as a hybrid of the Planar
Biped and Rabbit. MABEL's drivetrain uses motors, cable déférals, and springs to create
a virtual, series-compliant leg between the hip and the 8eThis series-compliance absorbs
shocks when the legs impact the ground, increasing staldibustness through disturbance
attenuation, and also stores energy, thereby improvingiesfity. MABEL walks at 1.5 m/s,

which was the record bipedal-walking-robot speed from Ap@i10 through October 2010 [9].

The feedback control and gait design in [9] are based on alifiedpmodel of MABEL.
Data reported in [9] show significant discrepancies betwins model and experiment. For
example, the compliance in the robot is inadequately makleiéth predicted and measured
spring deflections differing at times by 30% during a walkigjt. In addition, the simplified
model predicts a dimensionless mechanical-transporicgesif 0.04, while it it is experimentally

measured to be 0.15.

The primary objective of this article is to identify the pareters that appear in a dynamic
model of MABEL. This model is appropriate for the design andlgsis of feedback controllers
for bipedal locomotion. The parameters we seek to identifgluide inertias, center-of-mass
locations, spring constants, motor torque constantstidriccoefficients, and power-amplifier
biases. We plan to use the identified model to further imptbeespeed, stability, agility, and

energetic efficiency of MABEL.

The problem of parameter identification for robot models &l \wtudied in the literature

[10], [11], [212], [13]. Most results are based on the analysf the input-output behavior of



the robot during a planned motion, where the parameter sadue obtained by minimizing the
difference between a function of the measured robot vasalind the output of the model.
An illustration of this approach is presented in [11] for ntigying parameters in industrial
manipulators. The standard rigid-body model is rewrittethie parametric formr = ¢(q, ¢, §)0,

which is linear in the unknown parameters, wheteq, ¢ are the position, velocities, and
accelerations of the joints; is the vector of joint torqued] is the unknown parameter vector,
and ¢ is the regressor matrix. Optimization is used to define ¢tajges that enhance the
condition number ofp, and these trajectories are then executed on the robot.hteideast-

squares estimation is applied to estimate the parametéishwn turn are validated by torque
prediction. This approach requires acceleration, whichstnhe estimated numerically from

measured position.

An alternative approach explored in [12] uses force- anduersensor measurements
to avoid the need to estimate acceleration. The robot madeépresented in Newton-Euler
form, and a six-element wrench at the robot’s wrist is exggdsin a form that is linear in the
unknown parameters. Force and torque at the wrist are mezhslirectly through force and
torque sensors, and parameter estimation is accomplisbed this data without the need for
acceleration measurements. Another class of methods EE3] an energy-based model that uses
velocity and position variables, but does not require aeglbn. This method, however, relies
on the integration of the input torques and the joint velesitto compute energy, which is

problematic if the torque estimates are corrupted by an owknbias.

Parameter identification for MABEL is a challenging task faveral reasons. First,



MABEL has position encoders at the motors and joints, as weltantact switches at the leg
ends, but lacks force and torque sensors. We thus use coreschandtor torques as inputs
and motor and joint position encoders as outputs in orderaeixinodel parameters. Due to
the quantization error of the encoders, it is difficult toirste acceleration by numerically
differentiating encoder signals. Hence, we estimate patrars without calculating acceleration
from position data. Second, the actuator characteristiegpaorly known. The motors used in
MABEL are brushless direct current (BLDC) motors, which ard@osmanufactured on demand.
Due to the small production numbers, the rotor inertias angue constants may differ by 20%
from the values supplied by the manufacturer. These pammetust therefore be included in
the identification procedure. In combination with power &éfigss from a second manufacturer,
the motors exhibit some directional bias. Complicating erattfurther, this bias varies among
individual amplifier-motor pairs. Consequently, the ametifbias must be considered in the
identification process. A third issue affecting paramedentification is that the choice of exciting
trajectory is restricted due to limitations of MABEL's worlpace. For example, a constant-
velocity experiment for estimating friction coefficients not feasible because the maximum
range of rotation of each joint is less than 180 deg. Finaligause MABEL has many degrees
of freedom, actuating all of them at once would require esting 62 parameters simultaneously.
For this reason, we take advantage of the modular naturesabtbot to design experiments that
allow us to sequentially build the model element by elemestimating only a few parameters
at each stage of the process.

MECHANISM OVERVIEW

MABEL's body consists of five links, namely, a torso, two thegtand two shins. The



hip of the robot is attached to a boom, as shown in Figure 2.rdbet’'s motion is therefore
tangent to a sphere centered at the pivot point of the boonherceéntral tower. The boom is
2.25 m long, and while the resulting walking motion of theabls circular, it approximates the

motion of a planar biped walking along a straight line.

The actuated degrees of freedom of each leg do not corregpahe knee and the hip
angles as in a conventional biped. Instead, as shown in §duend 4, for each leg, a collection
of differentials is used to connect two motors to the hip andekjoints in such a way that one
motor controls the angle of the virtual leg defined by the toanecting the hip to the toe, while
the second motor is connected in series with a spring to abtite length of the virtual leg.
Conventional bipedal robot coordinates and MABEL's actuateordinates, which are depicted

in Figure 4, are related by

1
qua = B (gTh + gsn) (1)
and
1
qLs = 5 (QTh - QSh) ) (2)

whereLA stands for leg angld,S stands for leg shap&h stands for thigh, an8h stands for

shin.

The springs in MABEL isolate the leg-shape motors from the dotpforces at leg
touchdown. In addition, the springs store energy during dbmpression phase of a running
gait, when the support leg must decelerate the downwardomati the robot’s center of mass.
The energy stored in the spring can then be used to redirectehter of mass upwards for

the subsequent flight phase, propelling the robot off thaurgglo As explained in [14], [15],



[16], both of these properties, shock isolation and enetgsage, enhance the energy efficiency
of running and reduce the actuator power requirements.|&iradvantages are also present in
walking on flat ground, but to a lesser extent compared toingnaon uneven terrain, due to the
lower forces at leg impact and the reduced vertical travethef center of mass. The robotics
literature strongly suggests that shock isolation and diamge are useful for walking on uneven

terrain [17], [18], [19], [20], [21], [22], [23].

TRANSMISSION M ECHANISM

The transmission mechanism for each half of MABEL consisthiee cable differentials,
labeled the spring, thigh, and shin differentials, and angpras shown in Figure 3b. The thigh
and shin differentials translate shin angle and thigh angle leg shape and leg angle. Thus,
the electric motors control the leg angle and leg shape. Pphiags differential forms a series
connection between a spring and the motor for leg shape s$dhbaesulting system behaves

approximately like a pogo stick.

In order to keep the legs light, the motors and differentas mounted in the torso.
Instead of the gear differentials depicted in Figure 5, edlifferentials are used to achieve
low friction and backlash. Although cable differentialsdagear differentials have different
assemblies, they work in the same manner. Each consistyed tomponents, labeled, B,
and C, connected by an internal, unobserved, idler When the gear ratios are all equal,
the componentsd and B are constrained such that the average motion of the two ialequ
to the motion of the componerit. ConsequentlyA and B can move in opposite directions

if C is held stationary, and the motion ¢f is half of A if B is held stationary. In other



words, (¢4 + qg)/2 = qc and (¢4 — qg)/2 = qp, Wherequ, ¢z, qc, andqp denote the angular

displacements of the components.

In MABEL's transmission mechanisni and B are inputs to the differential, whilé’
is an output. In the followingAspin, Bsnin and Csy;, refer to the componentd, B, and C
of the shin differential and likewise for the remaining twdferentials. Cryign and Cspiy In
Figure 3b are attached to the thigh and shin links, respagtiihe pulleysBryign and Bgyiy
are both connected to the leg-angle motor. The pulléys,, and Agy;, are connected to the
pulley Csyring, Which is the output pulley of the spring differential. Theriag on each side
of the robot is implemented with two fiberglass plates cotettin parallel to the differentials
through cables, as shown in Figure 1. Due to the cables, tivegspare unilateral, meaning they

can compress but not extend; this aspect is discussed below.

Figures 6 and 7 illustrate how this transmission works whea of the coordinateg, s
or qis is actuated, while the other coordinate is held fixed. Thé paim spring displacement
to rotation ingpg is similar. The net motion i s from the leg-shape motor and the spring is

the sum of the individual motions.

VARIABLE NAMES

To name the variables appearing in the robot, we use the iselex
7= {IHLSL, mLAL, mLSR, IHLAR}, (3)

where the subscriptis andR mean left and rightmLLS means motor leg shape, and.A means



motor leg angle; see Figure 3b. For the links, we define thexrskt
L = {T, Csp, Th, Sh, Csh, Boom}, (4)

whereT, Csp, Th, Sh, Csh, andBoom represent Torsa}sp,ing, Thigh, Shin,Csyi,, and Boom,

respectively, as depicted in Figure 3a. For the transmmssiechanism, we define the index set

T = {Asp, Bsp, Dsp, Ath, Bth, Dth, Ash,
(5)
Bsh, Dsh, mLSsd, mLAsd, mLS, mLA},

where A, B, and D correspond to the components of the diffeksnin Figure 3b, and sp,
th, sh, and sd denote spring, thigh, shin, and step downectsgely, as depicted in Figure 3.

Throughout this article, the notation for coordinates ammgjues in Table I is used.

SENSORS

MABEL is equipped with encoders and contact switches, bufome sensors. On each
side of the robot, magnetic encoders for measuring jointesngre present on the pulleys mLA,
mLS, Dth, Bsp, and mLAsd, as well as the knee joint. From thengry of the legs, the
leg-shape angle;s is one half of the knee joint angle. Each encoder has a résolof 2048

counts per revolution, and thus 0.1758 deg/count.

The angle of the thigh with respect to the torso is measureanbgncoder that has 2048
counts per revolution and a 19.8:1 gear ratio, for a total®@580.4 counts per revolution, and
thus 0.008878 deg/count. The angle of the torso with redpettie vertical is measured by an
encoder that has 2048 counts per revolution and a 3:1 gdar fat a total of 6144 counts

per revolution, and thus 0.05859 deg/count. The pitch anflthe boom is measured by an



encoder with 2048 counts per revolution and a 17.6:1 gean, far a total of 36,044.8 counts
per revolution, and thus 0.09988 deg/count. The rotatiajieaaf the central tower is measured
by an encoder with 40,000 counts per revolution and a 7.398&ar ratio, for a total of 295,948

counts per revolution, and thus 0.001216 deg/count.

To detect impacts with the ground, two contact switches astalled at the end of
each leg. Ground contact is declared when either of the twizls@s closes. Additional contact
switches are installed at the hard stops on various pulleydetect excessive rotation within
MABEL's workspace. If a contact switch on a hard stop closesygy to the robot is immediately

turned off by the computer.

Because MABEL does not have velocity sensors, angular vedeaitust be estimated by
numerically differentiating position signals. For reah¢ applications, such as feedback control,
causal methods for numerical differentiation are requii2¢l, [25]. For offline applications,
such as parameter identification, acausal or smoothingitlges can be employed [26]. We use

the spline interpolation method of [27], which can be used icausal or acausal manner.

EMBEDDED COMPUTER AND DATA ACQUISITION

The onboard computer is a 1.3 GHz Intel Celeron M CPU running X Q@&al-time
operating system. The RHexLib library, originally develdpger the robot RHex [28], is used
for implementing control-algorithm modules as well as eter-network data logging and
communication with the robot. A user interface for monmgrithe robot’s state on a secondary

Linux-based system also uses utilities provided by RHexLib.



Digital and analog 10 are handled with compactPCI data-adiipm cards from Acromag.
A custom-built compactPCI module houses the interface itixcbetween the Acromag data-

acquisition cards and the sensors on the robot.

The sample period of the embedded controller is set at 1 mes.pblwver to the robot is
automatically shut off by a watchdog timer if any controllggdate cycle exceeds 1 ms. Data
acquisition and logging use approximately 0.6 ms of eachpsameriod, leaving 0.4 ms for
control computations and signal processing, which is aaeqéor PD-based controllers. For
controllers based on inverse dynamics, such as those eepior9], the real-time calculations
are implemented with a public-domain C++-template libragnt Boost [30], which provides
standard matrix-algebra operations.

PARAMETER |IDENTIFICATION PROCEDURE

CAD packages provide estimates of the masses of the links afidyp comprising
MABEL, their lengths and radii, centers of mass, and momehisestia. If we also account for
the location and mass distribution of items not normallyrespnted in a CAD drawing, such as
ball bearing shape and density, the length and density ¢éypahbles, electrical wiring, onboard
power electronics, and actuators and sensors, then theameahparameters of the robot can be
estimated. Consequently, one goal of the identification gaore is to validate these estimates

by comparing predicted responses to experimental data.

In addition, model parameters for which reliable estimaées not available from
CAD drawings include motor torque constants, rotor inertgwing stiffness, and pre-load.

Finally, friction parameters cannot be estimated by a CADg@m and must be determined

10



experimentally. The parameters to be identified are showrabie II.

STEPS IN THE IDENTIFICATION PROCESS

The first phase of the identification process focuses on astimthe actuator parameters
and the friction parameters in the transmission, as welladidating the pulley inertia estimates
provided by the CAD program. The torque constéit and rotor inertia/, .. of each motor
are also determined by analyzing the motors in series withaincof known inertias formed by
selectively coupling the pulleys that form the three défsials, as shown in figures 6 and 7.
Because the pulleys are connected by low-stretch steelscabliorm a one-degree-of-freedom
system, various paths in the transmission mechanism canodeled by lumping the moments
of inertia of the pulleys. This lumped moment of inertia candalculated by the CAD model
and added to the rotor inertia of the motor. In addition, tbimped moment of inertia can be
obtained from experiments. These data can be used to estmmator torque constants, rotor

inertias, viscous friction, and motor torque biases.

Next, the legs are coupled to the transmission to valida&eadtbtuation-transmission model
in conjunction with the center of mass and moments of ineuifahe links constituting the thigh
and shin, as provided by the CAD model. For these experimédr@s,ompliance is removed from
the system by locking the orientation of the pullBy,,:,,; the torso is held in a fixed position

as well. Following this experiment, the torso’s inertiargraeters are estimated for validation.

Compliances are determined last. Two sources of compliare@r@sent in the robot.

One source is the unilateral, fiberglass spring designedtivd transmission. The other source,

11



which is unplanned, arises from stretching of the cables/&en the pulleys. The compliance
of the unilateral spring is obtained from static experiser@nd the compliance due to cable

stretch is estimated from dynamic experiments that apgih horques to the robot.

EXPERIMENTAL SETUP FOR THE MOTOR, DIFFERENTIAL , AND LEG PARAMETERS

The first phase of the identification process uses the setptdd in Figure 8. The
torso is fixed relative to the world frame, and the legs caelyrenove. The position of the
pulley Bs,ing is fixed as well, removing compliance for the initial idert#tion phase. Torque
commands are recorded and sent to the amplifiers. In turrarti@ifiers regulate the currents
in the motor windings, thereby setting the motor torque @aluThe rotation of the motors
is transmitted to the thigh and shin links through the trassion differentials as shown in

figures 6, 7, and 8.

With the pulley Bg,.ines locked in a constant position, the leg-angle and leg-shap@m
angles are rigidly connected to the leg anglges and ¢rs, which are related to the motor

encoder readings by
1

qLA = gmLA (6)
YLA—mLA
and
1 1
qus = GmLs + 4Bsp> (7)
YLs—mLs YLs—Bsp

wherey, s mis = 31.42, Yoamea = —23.53, andy.s_,s,, = 5.18 are the gear ratios frorS to
mLS, from LA to mLA, and fromLS to Bsp. The calculated anglegs andq;,, are also logged

during the experiments.
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The relations (6) and (7) hold under the assumption that aéitbes do not stretch, which
is the approximation made here, because no external loadspatied to the legs or the pulleys.
When the robot is walking, the transmission system is hedodygled due to the weight of the
robot, and cable stretching occurs. This behavior is oleskby the violation of the relations

(6) and (7). Cable stretch is taken into account in the lagt stehe identification process.

It is typical for power amplifiers to exhibit a small bias iretbtommanded current, which
in turn causes bias in the motor torques. Before beginnintesysdentification, these biases
are estimated and compensated for each motor following tbheepgure described in “How to
Estimate Motor-Torque Biases”.

TRANSMISSION IDENTIFICATION

For system identification, the fact that the differentiaistihe transmission are realized
by a series of cables and pulleys is an advantage becauserwselegt how many pulleys are
actuated by disconnecting cables. For each pulley combmathe lumped moment of inertia
can be computed. Therefore, if the electrical dynamics efrttotor and power amplifiers are

neglected, the lumped pulley system can be modeled as therilar system

Jlumpedw + HlumpedW = U, (8)

where Jiympea 1S the lumped moment of inertiguumpea IS the lumped friction coefficienty is
the angular velocity of the motor, andis the commanded motor torque. By identifyitgped
and pumpea for three different combinations of pulleys plus motor, Stpossible to determine
Kt and J.oor, as well as confirm the lumped pulley inertia predicted by @D model. For

each side of the robot, the three pulley combinations of féidi(a) are used for the leg-angle

13



path, while the three pulley combinations of Figure 9(b) @sed for the leg-shape path.
MOTOR TORQUE CORRECTION FACTOR AND INERTIA CORRECTION FACTOR

The leg-angle-identification experiments are performedcassively on the leg-angle
motor in combination with one, three, and five pulleys as showFigure 9(a). The leg-shape-
identification experiments are performed successively henlég-shape motor in combination
with one, three, and five pulleys as shown in Figure 9(b). Timpled moments of inertia of

each combination, including the contributions of the caldan be expressed as
Ji = Jrotor + qulley,i + Jcable,i» L= 17 27 37 (9)

where: denotes experiment numbek,., is the inertia of the motor rotot],.y; is the lumped
moment of inertia of the pulley combination for experimentvhich is obtained by combining
the pulley inertias shown in Table Il with the gear ratiosvizeen the pulleys taken into account,
and Jebie; IS the lumped cable moment of inertia calculated from thesnwdighe cable per unit

length and the length of the cable, with gear ratios takem auicount.

Letting Jiotor.man denote the value of the rotor inertia supplied by the marnufac we
define the scale factat, ., by

Jro or
Qrotor = J—t7 (10)

rotor,man
which we seek to estimate. In a similar manner, we define tak dactora;,q.. for the motor
by

Kr

Otorque = s
Kt
,man

(11)
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where Kt ., IS the value of the motor torque constant supplied by the fa@twrer andir is
the true motor torque constant. In each experiment, the aomded motor torque is calculated by
multiplying the current commanded by the power amplifietfby,,..,. As illustrated in Figure 10,
it follows that the transfer function from the commanded ondbrque to the measured motor
angular velocity is a scalar multiple of (8). Hence, the motm# inertia from the experiments

is related to the moment of inertia of (9) by

Jexp,z‘ - atorque(arotorjrotor,man + qulley,i + Jcable,z)’ 1= 17 27 37 (12)

where J.,,; is the lumped moment of inertia estimated on the basis oftthexperiment.

Three moment of inertia estimates, denoted/by, 1, Jexp 2, and Jey, 3 respectively, are
obtained from each of the leg-shape and leg-angle expetan@&rranging the equations for each

set of experiments in matrix form gives

atorque Orotor

U=T , (13)
atorque
where
Jexp,l Jrotor,man qulley,l + Jcable,l
U= Jexp,Q ’ I'= Jrotor,man qulley,Q + Jcable,Q
| Jexp,?) ) | Jrotor,man qulley,?y + Jcable,?) )
The estimates ofv;,que and oyoro; are then obtained by least squares fit
atorquearotor
2 (')~ 'rtw. (14)
atorque

15



EXPERIMENTAL RESULTS

Inputs for identification are designed as follows. Starfiagn 0.5 Hz, the input frequency
is increased in 17 steps to 50 Hz. To allow the system resptmseach steady state, each
frequency is held constant for 10 periods until changingh® niext higher frequency. At each
frequency increment, the magnitude is also incrementeddeept the measured motor angular
velocity from becoming too small. Figure 11 illustrates imeut signal and corresponding system
response. The Matlab System Identification Toolbox is usadentify the transfer function (8).

Table IV shows the results obtained from the experiments.

On the basis of the values in Table Myrque and ayoe are calculated by (14).
The estimated values are listed in Table V, along with theombiases. The scale factors
rotor INdicate that the actual rotor inertias of the leg-shapeonsotire within 7% of the
manufacturer’s reported values, while the rotor inertiaghe leg-angle motors are 25% less
than the manufacturer’'s reported values. The scale facigrs,. of the leg-angle motors on
the left and right sides of the robot differ by less than 5% the leg-shape motors, the large
difference in the scale factors,, .. iS €xpected. In particular, motors of different charasters
for the left and right sides of the robot was necessary whenodithe motors failed early in the
construction process and was replaced with a motor from @que prototype. We also note
that motor biases, which range in magnitude from 0.002 t60N-m, are small in comparison
to the torques that are expected in walking experimentsgchwban exceed 2 N-m for leg angle

and 8 N-m for leg shape [9].
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For the remainder of this article, the motor torque constambomputed by

KT - O-/torqueKT,man .

L EG AND TORSO PARAMETERS

THIGH AND SHIN LINKS

The thigh and shin links of the legs are actuated by the totrpresmitted through the
transmission, as shown in figures 3b and 8. The total masgercehmass, and inertia of each
link are assumed known from the CAD model; their values arergim Table VI. The values of
the motor torque constants and rotor inertias estimateth®transmission are assumed. Friction
coefficients may differ from the values estimated for th@sraission, however, because the hip
and knee joints are now actuated. In this section, the topstiraies to be fixed relative to the
world frame and the position of the pulléys,,. is fixed as well, removing compliance from

the picture.

With the torso fixed, the left and right sides of the robot ameprinciple, decoupled; in
practice, some coupling of vibration from one side to theeotbccurs because the test stand is
not perfectly rigid, but this coupling is ignored. Choosirg tcoordinates = (qura, Gurs)”

the dynamic model for each side can be written in the form

D(‘ga Olrotors Q)q + C<97 Qrotor; 4, Q)q + G<97 Qrotor Q) - FQ’ (15)

where D (0, ayotor, q), C(0, avotor, ¢, G), aNAG(0, cvotor, ¢) are the inertia matrix, Coriolis matrix,
and gravity vector, respectively. Moreovér,is the vector of mechanical parameters from the
CAD model, the rotor inertia correction factots,,, are from Table V, and the vectdr, of

17



generalized forces acting on the robot, consisting of mtnque and viscous friction, is given
by

I'g = tmpa + UmLs — UmLAGmLA — HmLSGmLS- (16)

The friction coefficientsu,,;4» andu.,,1s are to be estimated.

Two types of experiment are performed, SISO and MIMO. Eaglesrent is performed
on one leg at a time. In the SISO experiments, one degree efidre is actuated and logged,
either ¢,,1.s Or gmra, While the other degree of freedom is mechanically lockedthe MIMO
experiment, botly,,;s andg,,1,» are actuated and recorded. The objective of the SISO expetam
is to estimate the friction parameters in (16). The objectif’the MIMO experiment is to validate

the model (15), with the parameters obtained from the SIS&@m@xent.

The commanded motor torque is a modified chirp signal plushateat offset, similar to
the transmission identification experiments. The mageitadd offset of the input signal must

be selected to keep the links within the robot’s work space.

With all the parameters in the model (15) specified, the nespmf the system excited
by the input used in the experiments can be simulated. Theoini parameterg are estimated

by minimizing the cost function

J(M) = \/Z(yexp - ysim(,u»’ (17)

wherey.y, IS the vector of experimentally measured data, is the vector of simulated data,
and u is the vector of viscous-friction coefficients. As shown iable VII, the values ofu

estimated in this manner are larger than the values fromrémsmission experiments, but not
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greatly different from those values.

In the MIMO simulations, we observe that variations in theussed actuator bias of 0.1
N-m, which can be ignored when the legs are supporting thety@an cause large deviations
in the system response when the legs are not supporting bwg. roherefore, for the MIMO
simulations, in place of the bias values estimated from thesimission identification, we use

the values that minimize the cost function

J(b) = \/Z(yexp - ysim(b))v (18)

wherey.y, is the vector of experimentally measured datg, is the vector of simulated data,

andb is the bias vector.

The comparisons between simulated and experimental sem@tpresented in figures 13
and 14. All figures showg s and ¢4 computed fromg,;s and ¢..», because the body
coordinatesy; s and g, are easier to interpret than the motor positions. It is ersigkd that
the parameters are either from the transmission identdicagxperiments or the CAD model,
with two exceptions, namely, friction is estimated in th&SIlexperiments from (17) and used

in the MIMO experiments; in the MIMO experiments, motor l@asare tuned by (18).

In the SISO experiments, the RMS error varies from 0.69 to &dl, dhile for the MIMO
experiments, the RMS error varies from 0.72 to 1.42 deg. Tkeses may arise from several
sources. For example, the linear viscous-friction term(@ @), namelyu,,1.a Gmr.a aNdiimrs GmLs,
do not take into account stick-slip behavior in the low-wityp region. Furthermore, electrical

wiring is not included in calculating inertial parametdrsaddition, motor bias changes slightly
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for each experimental trial. Finally, cable stretch is assd to be negligible.

TORSO

The torso represents approximately 45 kg of the total 65-kagssmof the robot.
Consequently, the mass and inertia of the torso stronglyctaffee dynamics of the robot. In
principle, the inertia and mass distribution of the torso ba validated by locking the legs in a
fixed position, and using the leg-angle motors to oscillate tbrso. Attempts at executing this

experiment in the test stand failed, since movement of theots always translated to the legs.

Therefore, instead of dynamic identification of the tordatis balancing experiments are
used to validate the CAD model estimates. In the first experispehe robot is not constrained.
Using local PD controllers, we command a posture where tjia fteg is extended more than
the left leg. The robot is then balanced by hand on the rigit Tdne balance of the robot is
maintained with minimal fingertip pressure from one of thpexxmenters. Once the robot is in a
balanced posture, the joint position data are recordedyMéferent postures are balanced and
logged. From the logged data, we calculate the center of p@sson of the robot including the
horizonal boom, and we verify that the calculated center agsns located over the supporting

toe.

In a second set of experiments, the position of the hip jaiffited, with the legs hanging
below the robot and above the floor, and with the robot unpedierhe torso is balanced by
hand in the upright position. We then calculate the centana$s position of the robot without

the boom, and check that the center of mass is aligned ovdriph@int.
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We use 10 different postures for the first experiment andféraift postures for the second
experiment. Figure 15(a) displays the horizontal distape®veen the center of mass and the
supporting toe for the first experiment, and Figure 15(bwshthe horizontal distance between
the center of mass and the hip for the second experiment. Wenabthat the maximum error is
6 mm, which is negligible in view of the size of the robot anchsidering that the experiments
are performed with manual balancing. These experimentsai@rovide information on the
vertical position of the center of mass.

COMPLIANCE

The stiffness of the springs that are in series with the legpe actuators is estimated by
means of static experiments using the calculated sprirgiésr and measured spring deflections.
The magnitude of the joint torques used in these experimisntaore representative of the
torques used in walking [9]. Under these greater loads, #ides in the differentials stretch.

This compliance is also modeled.

SPRING STIFFNESS

The series compliance in the drivetrain is now estimated leama of static, constant-
torque experiments, performed by balancing the robot orleanat a time. The setup is illustrated
in Figure 16. In these experiments, the torso is no longeteldan place relative to the world
frame; it is free. The actuators on one side of the robot asabied, with the leg on that side
folded and tied to the torso. On the other side, a PD-coetradl used to maintain the leg angle
at 180 deg, which is straight down. A second PD-controllarsisd to set the nominal leg shape.

An experimenter balances the robot in place with the toengsin a scale placed on the floor;
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the experimenter adjusts the overall angle of the robot abiths exactly balanced on the toe,

as when verifying the center of mass of the torso.

With the setup shown in Figure 16, the scale is measuring dnebted weight of the
robot and the boom. By the design of the differential, theuergt the pulleyCs,i,, IS exactly
balanced by sum of the torques at the pulleys,i,, and Bgsp,ing. The torqueryayity at Cspring,
shown in Figure 16, is the weight of the robot transmittedtigh the thigh and shin differentials;
its magnitude is given by

: (19)

1 .
‘Tgravity’ = ‘ §Wrobot Sln(QLS)

where W0 IS the weight of the robot measured by the scale at the bottiotheofoot. The
absolute value is used because spring stiffness is pasithe torqueras, at Agpring, Shown in
Figure 16, is from the leg-shape motor transmitted through dtep-down pulley. The torque
Tesp at the pulleyBgp,ing, shown in Figure 16, is due to the deflection of the spring angiven
by

TBsp — KBQBsm (20)

whereKs3 is the spring stiffness. The spring deflectigy, is measured by an encoder installed in
the pulley Bgpring. The torquesy,,..it, andg,, Which are related by the differential mechanism,
satisfy

‘Tgravity’ = 259 ‘TBsp’ . (21)

Combining (19), (20), and (21), the spring stiffness is ot#dias

Wrobot Sin(QLS )

1
Kg =
5.18 4Bsp

(22)
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The design of the experiment is completed by varying over a range of values, here
taken to be from 10 deg to 30 deg. We emphasize Matdetermined by means of (22) does
not depend on the estimated leg-shape motor torque. Intbeeduse the spring and motor are

connected in series, the torques must balance at the spffagedtial.

Figure 17 shows the results of performing the above experisnen each leg. Prior to
the experiments, it is not obvious if a linear model of theirgpdeflection would be adequate
because the spring folds around the curved torso as showigureF18. From the data, we
observe that the spring behavior is nearly linear, and tmatspring constants for the left and

right sides are consistent.

CABLE STRETCH

Experiments reported in [9] show that the cables used in tfierehtials of MABEL
stretch a significant amount under loads typical of bipedalking. This compliance breaks the

relations in (6) and (7). Consequently,, andg,,;,» are independent degrees of freedom, as are

qLsS; mLS: and {Bsp-

We take into account the stretching of the cables with a gpdsamper model. First, the

relations (6) and (7) are expressed in the form of the constra

dmLA + ViasmiagLA
c(q) = : (23)

qmLS — Vus—»mLsqLS — VLs—BspdBsp

wheregq is the vector of generalized coordinates for the robot dyiosiande (¢) = 0 corresponds

to no cable stretch. Because the cable-stretch torques dttesa constraints, the principle of
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virtual work yields the input matrix3...,.. for the cable-stretch torques, given by
Bcable - a_ . (24)

Note that we are representing the forces generated in tHescab equivalent torques acting in
series with the pulleys in the differentials. We furthermassume that the cable-stretch torques
can be modeled as a linear spring-damper. Therefore, fér @de of the robot, the torque from

the cable stretch is modeled as

Tcable (Qa q) = K¢ ¢ (Q) + KdC c (Q) > (25)

where K¢ is a2 x 2 diagonal matrix of spring coefficients, ardd is a2 x 2 diagonal matrix
of damping coefficients. The spring and damping coefficiefthe cables are identified in the

next section.

TWO-LEGGED HOPPING FOR FINAL MODEL
| DENTIFICATION AND VALIDATION

This section uses a hopping gait to complete the identiinatf, and subsequently
validate, the overall dynamic model of MABEL. While hoppipgr seis not an objective, the
large motor torques employed to launch the robot in theraicpmbination with the large ground
contact forces at landing, make hopping a convenient mearex€iting all of the dynamic modes
that are expected to be present when the robot is running bgréland or walking on uneven
ground. Two-legged hopping is chosen over hopping on on&legnplify the task of obtaining

stable hopping.
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DyNnAMIC M ODEL

An overall model of the robot is formed by combining the dymesrof the transmission,
the legs, the torso, the built-in compliance, and the catrktch. To address hopping, a model
of the forces between the leg ends and the ground, that iggrthend reaction forces, is also

required [31], [32].

The overall dynamic model is derived with the method of Lagea[10]. When computing
the Lagrangian, it is convenient to consider the springuesg the cable-stretch torques, the
ground reaction forces and the joint-friction torques a®mal inputs to the model. The gen-
eralized coordinates are taken @s:= (qf'; ¢hpas di's: Ghrs: Wheps Aas Gopas Ais: G Qheps 4T
pﬁip;pfﬁp), where, as in figures 3b and 4 is the torso angle, ang A, ¢ura, qrs, andg,rs are
the leg angle, leg-angle motor position, leg shape, andlege motor position, respectively,
and py,, andpy;, are the horizontal and vertical positions of the hip in thgitsal plane. The

model is then expressed in second-order form as

Dy, (gn) Gn + Chn (qn, Gn) Gn + G (gn) = I'n, (26)

where the vector of generalized forces and torgigscting on the robot is given by

Fh - Bhu + Bfrichric (Qh7 qh) + BspTBsp (Qh7 Qh) +
27
aptoeT ( )

O
Here,pi.. is the position vector of the two leg ends,is the ground reaction forces on the two

F + BeableTeable (Gh, Gn) -

legs, and the matriceB,,, Byic, Bsp, and B.apie, Which are derived from the principle of virtual
work, define how the actuator torquesthe joint friction torquesr;., the spring torquessgs,,

and the cable-stretch torques;,.. enter the model, respectively.

25



The model for the unilateral spring is augmented with termsepresent the hard stop,

yielding

_KBQBsp - KdBQBsw Bsp > O,

_KBQBSp - Kdlq%sp - Klestpa (Bsp S 0 and QBsp 2 07
TBsp — (28)

_KBQBsp - Kdlqgsp - delQBsp

— deg\/Msgn(qup), qBsp < 0 and qpsp < 0,

where Ky corresponds to the spring constants determined in Figurarid’where the remaining
parametersidg, Kq1, K.a1, and K4, are to be estimated from hopping data. Wheg, > 0,
the spring is deflected and the model is a linear spring-danWghen g, < 0, the pulley is

against the hard stop, a stiff damper. This model capturesuthilateral nature of MABEL's

built-in compliance.

The ground reaction forces at the leg ends are based on thgliaotiground model in
[31], [32], using the modifications presented in [33]. Themal force F;, and tangential force

F; acting on the end of each leg are determined by

F, = —XYza|"2q — A% za|"sgn(Zc) V| a| + klza|™, (29)
E = :u(dav)|Fn|’ (30)
where
d = v— ]v|@d, (32)
Qho
p(d,v) = onod + 0h1d + v + angsgn(v) v/ |v], (32)
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when the penetration depth; of a leg into the ground is positive, and are zero otherwise.
The normal forceF, corresponds to a nonlinear spring-damper, with dampindficmat \¢
and spring stiffnesg,. According to [31], the exponent, which depends on the shapes of the
surfaces that are in contact, equals when the leg end is spherical, which is roughly the case
for MABEL. The signed-square-root term on penetration viggpavith coefficient\’, induces

finite-time convergence of the ground penetration depthnathe robot is standing still.

The tangential forceF; is in the form of a friction model with variable coefficient of
friction n determined by the LuGre model [32]. The LuGre model reprisséme interface
between the two contacting surfaces as bristles, modeledphbpngs and dampers, which, if
the applied tangential force is sufficient, are deflecting ahpping. The average deflection
d of the bristles is the internal state of the friction modeljs the relative velocity of the
contacting surfacesy,; is the damping coefficient, angd,; is the coefficient of viscous friction.
The stiffness of the spring is,o, the coefficient of static friction isy,g, and the coefficientr,s

on the signed-square-root term models additional damping.

PARAMETERS FOR CABLE STRETCH, HARD STOP, AND GROUND M ODELS

A heuristic controller for a hopping gait is given in “How Hpipg is Achieved.” Because
the cable stretch coefficients are not yet identified, theplmgpcontroller is hand tuned on an
approximate simulation model that assumes the cables gk the approximate model also
uses the ground reaction parameters from [33]. The tuninggss adjusts PD-controller gains
and setpoints in the various phases of the gait, with the gbalbtaining sustained hopping.

When the controller is implemented on MABEL, steady-statepimagpis not achieved, even after
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extensive trial-and-error tuning in the laboratory. Fivaph is typical before the robot falls.

Even though sustained hopping is not achieved, the data th@mexperiments can
be used to identify the parameters in the hard-stop model,cétble stretch model, and the
compliant-ground-contact model. The parameter fittingasoanplished with a combination of
hand adjustment and nonlinear least squares. The respiirggneters are given in Table VIII.
Plots demonstrating the closeness of fit of the model to tametification data are not shown for

reasons of space. Instead, validation data is reported.

HOPPING EXPERIMENTS FOR VALIDATION

When the nominal hopping controller is simulated on the idieat model, the closed-
loop system is found to be unstable. Event-based updatée ttotso angle are therefore added
to achieve stability, as explained in “How Hopping is Acteev The controller is then applied
to MABEL, resulting in 92 hops before the test is deliberatelyninated. The data are presented

next.

Figures 19 - 22 compare typical experimental results agdies simulation results for
the 31st and 32nd hops. Figures 19 and 20 depict joint pos#tigles. It is observed that the
period of the experimental data is longer than that of theukition results by approximately
30 ms. Because the hopping controller regulates four outpartsputed fromgr, qua,, quayg.
dmLAL, aNdgmra,, it could be argued that the closeness of the simulated goeliexental values
is a reflection of the controller. However, the spring comsprensggs,, and ¢gg,,, as well as

the horizontal and vertical hip positiopg,, andpy, , are unregulated, and Figure 20 shows that
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these variables are captured by the model.

Figure 21 depicts joint torques. The simulation predictsjtint torques observed in the
experiment with an RMS error af.0 N-m. The ability to predict torque is an accepted measure

of fit for models of mechanical systems [11], [34], [35], [3637].

Figure 22 compares the measured and simulated cable stiatalegrees of motor
rotation. Up to 200 deg of cable stretch is observed. The mamxi error in the modeled
response occurs in the right leg angle. The predicted groeaction forces are not compared
to experimental data because MABEL is not equipped with feeesors.

M ODEL-BASED CONTROL OF WALKING ON UNEVEN GROUND

The boom and central tower arrangement constrain MABEL tdaheratory. Neverthe-
less, the robot can be used to investigate locomotion ov@ramground by varying the height of
the floor on which it is walking. The robotics literature caess a step-down test as a measure
of gait stability [38], [39], [40]. In this test, the robot s on a flat section of floor, followed
by a step-down to another flat section of floor, as illustrateigure 23. The farther a robot can
step down without falling, the better. A key point here istttiee robot is provided information

on neither where the step-down occurs, nor by how much.

FEEDBACK LAw DESIGN

How far can MABEL step down without falling? The question asegi is incorrectly

posed, because MABEL cannot walk without a feedback law. Dhegstness of a walking gait
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is a property of the closed-loop system consisting of theot@mnd the controller. We use the
method of virtual constraints to design feedback laws [Fhfe essential idea of this method is

to design outputs for the robot’s model in the form

y = h(q), (33)

which depend only on the configuration variables. If a fee#tzmn be found such that the output
y is driven asymptotically to zero, then the solutions of thesed-loop system asymptotically

satisfy h(q) = 0, which has the form of a holonomic constraint on a mecharsgstem.

Holonomic constraints in mechanical systems are typicaglized by interconnections
of gears and linkages; moreover, the constraints are “wesklin that D’Alembert’s principle
implies that the Lagrange multipliers associated with tbastraints, that is, the generalized
forces and torques that impose the constraints, do no worthersystem. For MABEL, the
actuators do perform work on the system when zeroing theubugnd the constraints are
realized only asymptotically. To modify a physical consttathe gears or linkages must be
changed, whereas the constraints (33) can be changed orythg fhodifying a few lines of
code in the embedded controller. For these reasons, theitsu{p3) are referred to as virtual

constraints [42].

We use virtual constraints to synchronize the evolution &B&L's links throughout a
stride in order to synthesize a walking gait. One virtual stoaint per actuator is specified in

the form “output equals controlled variables minus desgedlution.” Specifically,

Yy = hO(Q) — b (S’ a) ) (34)
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where the controlled variables are
GmLSg
GL A<y

GmLSew

qr

and whereg,,s.. IS the leg-shape-motor position of the stance l@g,, and ¢.is., are the
leg angle and leg-shape-motor position of the swing leg, @ni$ the torso angle. The desired
evolution of the controlled variables in (35) is specifiedthg functionsh? ¢ , A¢, , ke o |

and h., respectively, and assembled as

hilLSSt (57 &)

d
K (s, @) i (5:9) , (36)

h%LSSW (57 a)

hi (s, o)

where « is a vector of real numbers parameterizing the virtual candls. For MABEL, we
chooses as
0(q) — 0"

s(q) = gy (37)

whered is the absolute angle formed by the virtual compliant legtre¢ to the ground, that is,

9(61) =T — qra,, — 4T, (38)

andd*™ andf~ are the values of (¢) at the beginning and end of a step, respectively. How to
construct the functions in? (s, «) from Bézier polynomials and how to choose the parameters
to create a periodic walking gait in the closed-loop systermaxplained in [41] and [9]. The key
idea is to selecty to minimize a cost function representing energy suppliedhgy actuators,
normalized by step length, with the minimization subjecbtaundary conditions that specify a
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periodic solution, actuator magnitude and power limitagiofriction limits in the ground contact

model, swing-leg clearance, and desired walking speed.

In principle, the virtual constraints can be implementedtio@ robot by any feedback
capable of drivingy to zero. In the experiments described below, we use the desdfd-plus-

PD-controller

Uexp(q,4) = u” (s(q), @) = Kpy — Kpy, (39)

where u* (s(q), «) is nominal torque along the periodic orbit determined frdm parameter
optimization problem when designing the gait, ans defined in (34). The asymptotic stability
of the periodic orbit under this feedback law is verified or thodel with a Poinc&r map, as

explained in [41] and [9].

The above process results in the virtual constraints degich Figure 24a. These
constraints correspond to a nominal walking gait from [9hieh is modified so that the end
of the swing leg can clear a 2 cm obstacle, allowing the robagtép onto a platform before
stepping off it. In addition, the torso angle is adjusted Isat tthe average walking speed is

0.95 m/s.

FIRST STEP-DOWN TEST

For the step-down test, MABEL is put in motion, walking arouhe central tower on
an initially flat floor. At the end of each lap, MABEL walks up aaststepped ramp, takes at
least one step on a flat platform, and then steps off the pmatf@he height of the platform

is increased each lap until the robot falls. Figure 25 itatsts how the ramp and platform are
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constructed from a combination of 0.5 inch and 1.0 inch (Z&9¥ thick sheets of plywood.

Using the control law (39) and the virtual constraints ofufey24(a), MABEL succeeds
in stepping off heights of 0.5 inch, 1.0 inch, 1.5 inch, an@ ich, before falling when the
platform height is increased to 2.5 inch (6.35 cm). A videotlt#é experiment is available at

[43].

The fall is rather spectacular. MABEL steps off the platformtaits left leg, with no
apparent difficulty, but on the next step, when the right lagacts the ground, the shin separates
into two pieces, causing the fall. In the video, the shin appéo suffer a devastating break, but in
reality, it is quite benign. To protect the ball bearingshe knees and hips from damage during
experiments such as this one, the shin contains a “mechdn®s®” as shown in Figure 26.
The mechanical fuse joins the two pieces of the shin by @lastis, which give way under a

sufficiently high impact. It takes about an hour to reassentie shin.

Because the robot is not equipped with force sensors, it isimotediately obvious
whether the mechanical fuse is activated because the @lpisis are worn, or because the
impact forces are exceptionally large. Using the impact ehod [44], however, which is based
on the change in generalized momentum when two objectsleptihe contact intensity: at the
leg end can be estimated from the experimental dathas units of N-s and represents, roughly
speaking, the integral of the contact force over the dunatibthe contact event. Table IX and
Figure 27 show the estimated contact intensity when walkimdlat ground and when stepping
off several raised platforms. The data indicate that, ugeppng off the 2.5 inch platform, the

contact event of the second step is more than four times assatas when walking on flat
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ground.

The step off the platform is expected to result in a more sg@eimpact than the second
step. Further analysis of the data reveals what is happehRiggre 28 shows how the disturbance
at step-down causes the torso to pitch forward. The feedbpstiem overreacts when correcting
the torso angle, causing a second, rapid, forward-pitcimogon of the torso. Because the angle
of the swing leg is controlled relative to the torso, the gpieg rotates forward rapidly as well
and impacts the ground with sufficient force to activate tiigefin the shin. Simulation of the
model developed in this article confirms this sequence ohtsyewith the exception that the

model cannot predict that the shin actually breaks.

SECOND STEP-DOWN TEST

When MABEL steps off a platform, the height of the platform cam immediately
computed at impact from the lengths of the legs and the armgléise joints. This information
can be used in the ensuing step to attenuate disturbances the identified model, a new
set of virtual constraints is computed that reduces the anpdensity of the second step by

approximately 40%. These constraints are depicted in Eigd«b).

The controller is modified to include a switch, as in [45]. Tdreginal virtual constraints
of Figure 24(a) are used in (34) and (39) until a step-dowreeding 2 cm is detected. The
detection of the step-down height takes place when the latacts the ground. For the ensuing
step, the virtual constraints of Figure 24(b) are substituinto (34), whereas, on the next step,

the original virtual constraints are reapplied.
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With this modification to the control law, the step-down esipent is repeated. MABEL
steps down without falling from heights of 2.5 inch, 3.0 inaimd 3.5 inch (8.89 cm), at which
point the experiment is terminated, without the robot fajli Figure 29 shows the estimated

impact intensities for these tests.

CONCLUSIONS

Parameter identification of MABEL, a 5-link bipedal robot lwa compliant transmission,
has been studied. For each side of the robot, the transmissicomposed of three cable
differentials that connect two motors to the hip and kneatfin such a way that one motor
controls the angle of the virtual leg consisting of the lim@weecting the hip to the toe, while
the length of the virtual leg is controlled by a second motmnrected in series with a spring.
The springs serve both to isolate the rotor inertia of theslegpe motors from the impact forces
at leg touchdown and to subsequently store energy when thygoduleg must decelerate the

downward motion of the robot’s center of mass.

The robot is equipped with 14 encoders to measure motorgypudind joint angles,
as well as contact switches at the ends of the legs to detgmcinwith the ground. Neither
force sensors, torque sensors, nor accelerometers atebd®ailo circumvent these limitations,
the identification procedure took advantage of the moduddure of the robot. By selectively
disconnecting cables in the transmission, various elesnesnt be isolated for individual study,

simplifying the parameter identification process.

MABEL has two kinds of compliance. One is the unilateral, fida@ss springs designed

into the transmission. The other source of compliance isaimmed and arises from the stretching
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of the cables between the pulleys. The compliance of theatemdl spring was obtained by
means of static loading experiments. The compliance frobiecatretch was estimated from
short-duration hopping experiments. From the same datatteetparameters for a compliant
ground model were also roughly estimated. The experimastsd only a few hops because we
were unable to stabilize the hopping gait without a modé&hl &nd error in the laboratory did

not work.

The utility of the model was illustrated by using it to redgsithe hopping controller.
When the redesigned controller was implemented on the r@2tjops were made, at which
point the experiment was terminated. The utility of the moaas further illustrated in a set
of step-down experiments. On the basis of the model, we waleeta increase the robustness
of a walking gait so that the robot could step down, blindignfi a platform raised 3.5 inches
(8.89 cm) above the floor. The model is currently being usethaaimize the energy efficiency
of walking and to design controllers for running gaits.
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@ (b)

Figure 1: MABEL, a planar bipedal robot for walking and rurgnirfa) The shin and thigh are
each 50 cm long, making the robot 1 m tall at the hip. The olenalss is 60 kg, excluding
the boom. The boom provides side-to-side stability bec#tuséips are revolute joints allowing
only forward and backward motion of the legs. The safety egisevents the knees and torso
from hitting the lab floor when the robot falls. (b) The robotorporates springs for shock
absorption and energy storage. Differentials housed imdhet’s torso create a virtual prismatic

leg with compliance.
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Figure 2: Approximate planar motion. The boom constrainsB&RA's motion to the surface
of a sphere centered at the attachment point of the boom tedhtal tower. The boom is
approximately 2.25 m long. The central tower is supporte@atip ring through which power

and digital communication lines, such as E-stop and etleane passed.
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Figure 3: Robot and transmission mechanism. (a) Links camgyiMABEL. Csp, T, Csh,
Th, and Sh denot€'s,i,e, Torso, Csnin, Thigh, and Shin, respectively. (b) The transmission
mechanism consists of spring, thigh, and shin differemtidhe spring differential realizes a
serial connection between the leg-shape motor and thegsprime thigh differential moves the
thigh link in the leg, while the shin differential moves tharslink. The gear ratios are described

in figures 6 and 7.
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(@) (b)

Figure 4: Actuated coordinates. (a) shows a more convealtidmice of actuated coordinates.
The actuated coordinates on MABEL, shown in (b), correspandontrolling the length and
orientation of the virtual prismatic leg indicated by thesded line connecting the toe to the

hip. The counterclockwise direction is positive.
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Figure 5: Two versions of a differential mechanism. (a) sh@aiconventional gear differential,
while (b) shows a cable differential. Each differential smits of three components, labeldd
B, andC, connected by an internal, unobserved, idlerin (a), A, B, and D are gears, while in
(b), they are pulleys. In both (a) and (lo),is a link. The kinematic equations for a differential
are given by(ga + qg)/2 = qc and (¢4 — q5)/2 = qp, assuming equal gear ratios, where

4, 4o, andgp denote the angular displacements of the components.
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Figure 6: Leg-angle actuation. (a) Torque from the leg-angbtor is transmitted t@;, as
defined in Figure 4 through one step-down pulley and two difigals, namely, Thigh and Shin.

(b) uses gear differentials to depict the actuation;Qf, with the indicated gear ratios.
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Figure 7: Leg-shape actuation. (a) Torque from the leg-shaptor is transmitted tq.s as
defined in Figure 4 through one step-down pulley and thrderdiftials, namely, Spring, Thigh,

and Shin. (b) uses gear differentials to depict the actnaifay, s, with the indicated gear ratios.
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Figure 8: Experimental setup for parameter identificatiglotor commands are logged as the
input, while the encoder signals for the motor angles, thigeys! Crry,ien and Doyign, and the

knee-joint angle are saved as outputs.
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Experiment-2

Experiment-3

(@)

Figure 9: Pulley choices for identifying the transmissiargmeters. (ay;,» path and (b)gs

path. The various pulley combinations are formed by selelgtidisconnecting cables in the
transmission. If the inertias of the pulleys are known, ttvem pulley combinations are sufficient
to identify the inertia of the motor rotor and the torque dant By adding a third pulley

combination, the pulley inertias provided by the CAD progream be validated.
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Figure 10: Transfer function from the the amplifier commamplut to the motor encoder signal
output. The parameter,..,. is the correction factor for the motor torque constant sieppby
the manufacturer. The measured transfer functiod/i8viorque(Jis + 1:)]. The Matlab System
Identification Toolbox is used to estimate the first-ordangfer function from the measured

data.
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Figure 11: lllustrative input and output for system idenafion. The input is a modified chirp
signal, that is, a sinusoid with time-varying frequency andgnitude. Each frequency is held

constant until the system reaches steady state.
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Figure 12: Simulation and validation procedures for legntdieation. Identical input sequences

are applied to the simulation model and MABEL. The simulatimodel uses the motor
parameters estimated from the transmission identificationg with the mass-inertia parameters
calculated from the CAD program, while torque bias and fictcoefficients are free variables

used to fit the simulation data to the experimental data. & uélidation step, a new input

sequence is used, and all parameters are held constant.
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Figure 13: SISO simulation and experimental data. The jpoditions for the simulation are
indicated by solid red lines, while the joint positions foetexperiments are indicated by dotted
blue lines. These data are obtained from the procedure mé&igj2. The RMS errors are 0.77,

1.1, 0.76, and 0.69 deg, respectively.
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Figure 14: MIMO simulation and experimental data. The jgositions for the simulation are
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Figure 15: Errors in the estimated horizontal position o# tenter of mass. (a) In these

experiments, the robot is manually balanced on one leg, ishwtase the center of mass of the

robot plus the boom must be over the toe. The CAD model prowatesstimate of the center

of mass. The graph depicts the difference in the measuredonmat component of the center

of mass and the CAD-model estimate for ten postures of thet.rdie maximum difference is

less than 6 mm. (b) In these experiments, the cartesianigrosit the hip is clamped to a fixed

position, with the legs extended below the robot and off tberfl The torso is then balanced

in an upright position, providing the horizontal positiohtbe center of mass of the torso. This

plot depicts the measured error with respect to the CAD-medginate for seven trials of the

experiment.
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Figure 16: Experimental setup for measuring spring stiénend pre-load. Pulley Asp is locked in
place by commanding the LSmotor to a fixed orientation. Comsetly, the torque due to gravity
Teravity MUSt be balanced by the torque from the sprigg. The resulting spring deflectiog,

is measured and recorded.
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Figure 17: Measurements of torqug,, versus displacements, obtained from the experimental
setup of Figure 16. The data in (a) are fit by, = 115.1¢ps,, + 2.214. The fit shows that,
on the left side of the robot, the spring stiffness1$.1 N-m per rad and the pre-load offset is
2.214 N-m. On the right side of the robot, the data in (b) areyitp,,, = 111.7¢ps, + 5.377,
showing that the spring stiffnessid1.7 N-m per rad and the pre-load offset is 5.377 N-m. The
estimated values of spring stiffness and pre-load are stmion the left and right sides of the

robot.
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Figure 18: MABEL's unilateral springs. The cable, hard st@®l pulleyBs,i,, are also shown.
The spring, fabricated from fiberglass plates, is activatéen the pulleyBg,i,, rotates and
pulls the cable, wrapping the fiberglass plates around th& find back of the torso. The cable
cannot push the spring, and hence the spring is unilateratsAposition is enforced by a hard

stop, formed by a stiff spring-damper.
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Figure 19: Validation data from the second hopping expemime&he joint positions for the

simulation are indicated by solid red lines, while the jopusitions for the experiment are
indicated by dotted blue lines. Though the hopping cordgrai not based on trajectory tracking,
the variables shown are indirectly regulated by the feekllbaatroller, which may be responsible

for the close correspondence between the modeled and redadaia.
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Figure 20: Validation data from the second hopping expemim&he joint and hip positions
for the simulation are indicated by solid red lines, while ffoint and hip positions for the

experiment are indicated by dotted blue lines. For theseablas, the close correspondence

between the modeled and the measured data supports the. model
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Figure 21: Validation data from the second hopping expemim&he motor torques for the
simulation are indicated by solid red lines, while the motorques for the experiment are

indicated by dotted blue lines. The ability to predict toggs an accepted measure of fit for

models of mechanical systems.
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Figure 22: Validation data from the second hopping expenim@able stretch for the simulation
is indicated by solid red lines, while cable stretch for thpeziment is indicated by dotted blue

lines. When the gear ratios are taken into account, 100 deglié stretch results in 4.25 deg

of displacement iny,,;,» and 3.18 deg of displacement if,s.
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Figure 23: Stick figure illustration of a step-down expenméhe robot walks on a flat section

of flooring and then steps down to another flat section of flaprirhe robot blindly walks off
the raised section of flooring; no information on where thepsiown occurs, or the magnitude
of the step is provided to the robot. This figure is generatech fexperimental data of MABEL

stepping down from a height of 3.5 inch (8.89 cm).
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Figure 24: Virtual constraints used in the feedback col@ro{a) shows the constraints used in
the first step-down experiment. (b) shows the additionabi@irconstraints used in the switching

controller of the second step-down experiment.
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Figure 25: Plywood boards used to form a stair-steppedagofatfBy combining boards that are

1 inch (2.54 cm) and 0.5 inch (1.27 cm) thick, platforms of asidE height are assembled.
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Figure 26: Mechanical fuse in the shin. The shin of the robani(a), while (b) provides an
exploded view from the CAD drawings. The two parts of the shim affixed with plastic pins.
The pins shear if the leg-ground impact generates a suffigikmge force, thus protecting other

parts of the robot, such as the knee and hip ball bearingsy fflamage.
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Figure 27: Impact intensity calculated from the first stepvd experiment. Only the vertical
component is displayed. The green bar shows the averagetinmpensity when walking on flat
ground; the bars show one standard deviation. The blue bar shows the impact iiyeumngon

step-down, while the red bar shows impact intensity for theueng step. The larger impact
intensity on the step following the 2.5 inch (6.35 cm) stepvd leads to the fuse activating in

the shin.
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Figure 28: Experimental and simulation data of the torsoleawghen stepping down from
the 2.5 inch platform. The forward direction is counterétse, and hence corresponds to
decreasing angles. The red and blue circles show when thegskeg impacts the ground.
The torso undergoes a large oscillation as a result of therence at step-down. The same
behavior is observed in the model and the experiment, wighetkception that, on the second

step at 0.943 s, the robot’s leg breaks, causing the torsortbncie rotating forward.
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Figure 29: Impact intensities of the second step-down exyggit. The solid bar is the vertical
component of the impact intensity of the second step, coetpfrom the experimental data.

The hashed bar shows the values predicted by the simulation.
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TABLE I: Notation for MABEL's coordinates and torques. The sabptsL. and R denote the

left leg and right leg, respectively.

qLsLr leg-shape angle

qmLs,r | Motor leg-shape angle

quaLr | leg-angle angle

dmLAL x | Motor leg-angle angle

IBspy, r pu"ey_BSpring angle

D

TmLs,r | 1€9-Shape motor torqu

TmLALr leg-angle motor torque

TBspy, r pulley-Bgping torque
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TABLE Il: Parameters to be identified, where Z, ¢ € £, andt € 7. The subscriptd. andR

denote the left leg and right leg, respectively.

Differentials and Motors

K; motor torque constant

Jrotori | INertia of the rotor

Ji inertia of the transmission pulleys
1 friction coefficient
b; motor bias

Thigh and Shin (Leg)

my mass of the link/

Jy inertia of the link?

myrye | center of mass in x-direction of the
link ¢ multiplied by mass of the link

myrye | center of mass in y-direction of the

link ¢ multiplied by mass of the link

Compliance (Spring)

Kg, , | spring stiffness
Kdg, ,, | spring damping coefficient
Ke; cable stretch stiffness

Kdc; | cable stretch damping coefficient
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TABLE 1ll: Moments of inertia of the pulleys in the transmissi as obtained from the CAD

model.

Moment of inertia
Pulley
(kg-nv)

JImLs 9.0144e-4

JmLA 4.4928e-4

J Ath 1.6680e-3

JBth 2.2181e-3

JIDth 1.0826e-3

J Ash 1.6974e-3

JBsh 2.2181e-3

JDsh 2.0542e-3

Jasp | 2.3464e-3

Joep | 1.8686e-3

Jpsp 1.9313e-3

JinlSsd 2.7117e-3

JmLAsd 1.0950e-3

73



TABLE 1V: Identified experimental moments of inertia and fran coefficients for the trans-

mission mechanism.

=1 i=2 1=3

Jexpi (Kg-m?) 8.819e-4| 1.099e-3| 1.112e-4

HlLSL
Hexpi (N-m-s/rad)| 5.655e-3| 6.518e-3| 7.142e-3
Jexpi (Kg-m?) 5.514e-4| 7.223e-4| 7.436e-4

mLAL
Hexpi (N-m-s/rad)| 2.332e-3| 4.365e-3| 3.858e-3
Jexpi (kg-m?) | 1.104e-3| 1.360e-3| 1.431e-3

mLSR
Hexpi (N-m-s/rad)| 6.545e-3| 9.811e-3| 9.879e-3
Joxpi (Kg-n?) 5.217e-4| 6.900e-4| 7.328e-4

mLAR
fexpi (N-m-s/rad)| 1.718e-3| 4.048e-3| 4.703e-3
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TABLE V: Motor parameters. The rotor inertiadoiorman and torque constant&r ., are
provided by the manufacturer. The correction factors,. and aioque @s well as the motor

biasesh are estimated from experimental data.

mLSL IIlLAL IIILSR mLAR

Jrotor.man (KQ-MP) | 8.755e-4| 4.880e-4| 8.755e-4| 4.880e-4

K1 man (N-M/A) 1.516 0.577 1.516 0.577

Qrotor 0.934 0.741 0.930 0.763
Qttorque 0.995 1.332 1.287 1.269
b (N-m) -0.1076 | -0.04652| 0.02995| -0.001672
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TABLE VI: Mass, center of mass, and moment of inertia of th&dimbtained from the CAD
model. The center of mass coordinatgsandr, are defined in Figure 3(a), while the moment
of inertia is defined about the joint that passes through tiggnoof the corresponding link in

Figure 3(a).

Mass Center of Mass Moment of inertia| Length
Link
(ka) [, my] (M) (kg-n¥) (m)

Spring (Csp)|| 1.8987 | [0.0009406, 0.1181]| 0.04377 -

Torso (T) | 40.8953| [0.01229, 0.18337] | 2.3727 -

Cshin (Csh) || 1.6987 | [0.0004345, 0.08684] 0.03223 -

Thigh (Th) | 3.2818 | [0.0003110, 0.1978]| 0.1986 0.5
Shin (Sh) || 1.5007 | [0.0009671, 0.1570] | 0.08813 0.5
Boom 7.2575 | [0.0, 1.48494153] | 20.4951 2.25
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TABLE VII: Estimates of friction coefficientg: and motor biases obtained by minimizing the

costs in (17) and (18), respectively.

1i (N-m-s/rad)| 9.844e-3| 4.316e-3 | 9.027e-3| 4.615e-3
b; (N-m) -8.417e-3| 2.597e-2 | -1.446e-2| -2.461e-3
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TABLE VIII: Parameters estimated from the dynamic hoppingexxment.

Spring Model
Kdg (N-m-s/rad) | 1.5 K,q1 (N-m-s/rad) 1000
Ka1 (N-m/rad’) 100 Kqo (N-m/(rad/sy?) | 50

Cable Stretch Model

K¢ (N-m/rad) 2.9565 3.5000 2.9565 3.8094

Kdc; (N-m-s/rad)| 0.0402 0.0889 0.0804 0.3556

Ground Model

A2 (N/m'2/(m/s)) | 3.0e6 ono (N/m) 260.0
Al (N/mt5/(m/sy-5) | 4.5e6 on1 (N-s/m) 2.25
n 1.5 ano (N) 1.71
kE (N/m!-?) 4.38e7 | ayo (N-s/m) 0.54
anz (N/(m/s)-?) 0.9
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TABLE IX: Estimated contact impulsg: on the swing leg for the initial step-down experiment.

The horizontal and vertical componerits and I}, are given for thel*’ and 2"¢ steps, where

the 1% step is the step off the platform. The data show that the I@gmences larger forces on

the 27¢ step. This behavior points to a problem with the contralegsponse to the step-down

disturbance. The leg breaks on thi¢ step off the 2.5 inch (6.35 cm) platform, when the contact

impulse is estimated to exceed four times its mean value &king on flat ground.

Flat Ground|| 1.0 inch 1.5 inch 2.0 inch 2.5 inch | Height
mean 1st gnd || st gnd || st ond || st gnd || Stap
i -3.3 -25 -29| -2.7 -52|-29 -53|-40 -11.1|| N-s
I 13.3 154 14.3|| 16.5 20.6|| 15.3 24.4| 22.2 46.5| N-s
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SIDEBAR 1: HOw TO ESTIMATE MOTOR-TORQUE BIAS

In normal operation of the robot, the commanded motor tasguay vary from -10 to
10 N-m or higher, in which case a bias of 0.1 N-m in the commdrdegue is insignificant. We
are using the pulleys comprising the differentials as a kntoad when identifying the motor
characteristics. Because the pulleys have low inertia asrshoTable 11l, the commanded motor

torques are approximately 1 N-m, in which case a torque Hi&@l1oN-m is significant.

For each parameter estimation experiment, the motor#otgjases are estimated and
removed by the following procedure. First, in order to mirmenthe effect of friction from the
remaining pulleys, each motor pulley is isolated by disamtimg the cable between the motor
and the rest of the transmission. Each motor is actuated avilero-mean sinusoidal torque
command. An amplifier bias is expected to cause the mototipogo drift slowly, as shown
in Figure S1. Differentiating the measured motor positioreg the angular velocity, as shown

in Figure S2.

The transfer function between the torque input and the angulocity can be modeled
as a first-order system, similar to (8), with an additionajpsinput. Identification of the bias is

therefore accomplished with the two-input first-order aggoessive model [S1, pp. 71-73]
Yk = Q1Yr—1 + s g1 + batg g1, (S1)

wherey is the motor angular velocity;; is the commanded motor torque, anglis a sequence
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of 1’s. Rearranging (S1) gives

Yk = a1Yp—1 + b1 (u g1 + ba/b1). (S2)

The bias is removed by subtractihg/b; from the commanded motor torque.

SIDEBAR REFERENCES

[S1] L. Ljung, System Identification: Theory for the Uséist ed. Upper Saddle River, NJ,

USA: Prentice-Hall, Inc., 1986, pp. 71-73.
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4 6 8 10 12 14 16 18 20

time(s)
Figure S1. Amplifier bias. A zero-mean command input to thepldrar produces a motor
position output that slowly drifts with time, showing thdtet amplifier is biased. The drift is

independent of the input amplitude and frequency.
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time(s)

Figure S2: Differentiated output. The mean value of theed#htiated signal, which is given by

the dashed line, is nonzero.
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SIDEBAR 2: HOw HOPPING IS ACHIEVED

A hopping gait is used to complete the identification of, andsequently validate, the
overall dynamic model of MABEL. A heuristic controller for talegged hopping is formed by
decomposing a hopping gait into its elementary phases,lusrdted in Figure S3. For each

phaseX € {I,1I,1II,1V,, IV, V} of Figure S3, the controlled variables are

qLA,

GmLS;,

: (S3)

qLAR

_QmLSR_
while the reference commam@ff changes in each phase as given in (S5)-(S17) below. The PD

controller

w= K, (A~ h) + Kq (~h) (S4)

is used, wherdy,, is a4 x 4 diagonal matrix of proportional gains arid, is a4 x 4 diagonal
matrix of derivative gains. In the simulation modeljn (S4) is quantized to the same level as
the encoders on the robot, andis obtained by numerical differentiation. The control itpu
are updated with a sampling time of 1 ms, which is the sameesdmpling time used on the

robot.
PHASE I, FLIGHT
The flight phase is characterized by the absence of contdicithe ground. Because the
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robot is in the air and there is nothing to push against, tfereace commands

mw — 0-55LA — th

h?ef _ 7Ls—>mLshisL 7 (S5)
T+ 0-55LA - th
| ’YLs—uanh%sR i

Sttt A{Proer, = 0, Proer, = 0}, (S6)

focus on the robot’s relative pose rather than the absoluémtation of a link with respect to
a world frame. While the flight-phase controller runs untittbdegs are in contact with the
ground, the time between one leg and the other impacting fibeng is less than 20 ms, and

hence for most of the phase the robot is in the air.

Constant setpoints are chosen for the controlled varial®a3. (Specifically,qg.a, =
7 —0.50pa — h% andgra, = 7+ 0.55L4 — h4 regulate the relative angle between the legs to a
desired valué , and orient the legs with respect to a nominal torso angllofThe commands
(LS, = Vis—mishls, @Nd gmis, = Tsomeshis, regulate the lengths of the left and right legs
to nominal valueshﬁSL and hﬁSR, respectively; equivalently, the commands can be thought o
as setting the knee angles at appropriate values for abgpthe subsequent impact. The gear

ratiosvis_,..s and~ys_,..s are present because the controlled variables are motaiqussi

PHASE II, TOUCHDOWN
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With both legs firmly on the ground, the reference commanaines

gt + quag, — P4 — O

hd
hITIef _ Ts—mrLsllyg, 7 (S?)
qr + quag — h%
i ’yLSamLSh%SR i
SH*)IH : {‘pﬁ1p| < 00225} (88)

The leg-angle motors are now used to regulate the absoligetation of the torso ta< and the
relative angle between the legsdo.. The leg-shape motor positiogss, andgnrs, continue
to be commanded to constant values so that the springs atbsonmpact energy. The transition

to the kickoff phase occurs when the vertical velocity of demter of mass approaches zero.

PHASE III, KICKOFF

When the vertical component of the center of mass velocityagmhes zero, the reference

command is changed to
gt + quag — h4 — dpa
fYLSﬂmLSh%SL - PYLS%mLS(SIjSL

hred - = , (S9)
qT + quag — th

d —
VLS mLS hLSR - fYLS%mLS(SLSR

Stmisive ¢ ADroe, > 0, Dioer, < 0}, (S10)
Stmistv, © {Proe;, < 0, Proey > 0}, (S11)
Sty {ptoeL > 0, Proer > 0}. (S12)

The legs are extended hyg for the left leg, andy;q  for the right leg, to propel the robot
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off the ground. Other commands are unchanged. From Phad@ride possible transitions can
occur because which leg comes off the ground first cannot édigied, and, with a 1 ms update
rate, it is possible that both legs are observed to leave rimend simultaneously. According to

leg liftoff order, the controller chooses Phasg,, 1V,,, or V as the next phase.

PHASE IV,, LEFT-LIFTOFF

When the left leg lifts off the ground while the right leg remsiin contact with the

ground, the reference command becomes

Hl h;IeIf (ﬁn)

YLs—m shgs + Yos—om 55+s
el o= | T TR (S13)

H3 h}"lelf (t;kn)

d —
’YLSﬁmLShLSR - fYLS%mLS(sLSR

Sv.ov {ptoeR > 0}, (S14)

whereH; = [1 0 0 0], H; = [0 0 1 0], and¢};, is the time when the transition from Phadé-
occurs. The left leg starts to retract BySL to provide clearance. The leg-angle positions are

held at their values from the end of Phdse-
PHASE IV, RIGHT-LIFTOFF

When the right leg lifts off the ground while the left leg remsiin contact with the
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ground, the reference command becomes

Hl h?lelf (t;kn)

’YLS—)mLSth - 'YLs—nan(;IjS
el = ) iR (515)
HSh?IeIf (t;ku)

d +
VLS mLS hLSR + rYLS—nnLS(SLSR

SIVb oV {ptoeL > 0} . (816)

The notation is as in Phad&-,. The right leg starts to retract bZ[SR to provide clearance. The

leg-angle positions are held at their values from the endhaisBHI.

PHASE V, RETRACT

Once both legs lift off the ground, the retraction phase Id fe 50 ms, after which the

controller passes to the flight phase. The reference comnsand

Hl hrlelf (t;kn)

h¢ o7
h(lef _ Yis—mLsl1s, + YisomLs LS., ’ (Sl?)
H?)h;elf (t;kn)

d +
VLS mLS thR + fYLSHmLséLSR

Svor o {t=t% +0.05}, (S18)

wheret? is the time when the transition to Pha€eeccurs. Otherwise, the notation is as in

PhaselV,. The leg-angle positions are held at their values from tree@rPhasddl. Both legs

are retracted to provide clearance.

PARAMETER VALUES
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Applying the above controller to the identified model, a pdit solution is found with

the controller parameter values

Spa = 0.524 rad (30 deg), h{’ = 0.140 rad (8 deg),
his, =0.209 rad (12 deg), his = 0.209 rad (12 deg),
ors, = 0.087 rad (5 deg), dpg = 0.227 rad (13 deg),

dfg, = 0.087 rad (5 deg), djg. = 0.087 rad (5 deg),
with the robot's horizontal position over one hop trangdateackward by0.27 m, which
corresponds tdi¢! = —0.273 rad = —6.9 deg of rotation as measured by the encoder on

the central tower.

Simulation shows that the periodic motion is unstable. THatas stabilized with an
event-based controller that updates the commanded togge /zh based on the distance traveled

horizontally during one hop, namely,
¢h[k] = (bh (t1~>11> )
ohip[k] = K (gu[k] — nlk — 1] — d¢y).

h[k] = he + Sh k],
where k is the hopping countt,_,; is the time when the transition from Phase-l to Phase-ll
occurs, andky is a gain. If MABEL travels less that{ during the previous hop, the torso is

leaned backward from the nominal valu€’, and vice versa if the robot travels more thaf.

A few hours of parameter tuning with the simulation modelutes! in a stabilizing

controller, while days of trial and error in the laboratorgne unsuccessful.

89



STv,—V ST 111

Right-liftoff

Sti-1v,

Figure S3: Hopping controller phases and transitions. Fpbiase I, three possible transitions
can occur because which leg first comes off ground cannot éeiqied. According to which

leg comes off the ground, the controller selects pHasg IV, or V as the next phase.
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