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Abstract—Inspired by human tendon function, parallel actuation effort in a real hardware setup with non-negtdeta
springs in the joints of bipedal walking robots allow for a  friction introduced by the gears.

significant reduction of the cost of locomotion in simulation. The main focus of this paper is to investigate the influ-
An experimental setup is presented here which enables to

verify the simulation results. The beneficial effects of parallel €NC€ _Of a pqrallel spring on actuator ef_fort In ‘f" hardware
springs are investigated for a four-link robot arm equipped  €xperiment with a robot arm and to examine the influence of
with a parallel spring at the last link. The desired motion modeling errors on spring exploitation. Since friction 0
results from simultaneous optimization of spring properties —major disturbance that is usually neglected, optimal gprin
and motion which was shown to achieve the best reduction of gignass and optimal motion are obtained from minimizing
actuation effort. Spring utilization is considered for two types . L - .
of motion, free space motion and motion including contact actuation effort in simulation for both a model with approx-
with the environment at the end-effector. It is shown that imated and one model without friction. Furthermore, spring
the absolute reduction of effort through the utilization of an  usage is examined in two different motion types: free motion
optimal spring is independent of friction. Hence, influence of of g single link of the arm and whole arm motion with
the spring on effort is more relevant at higher speeds where o mittent contact to the environment. The goal of this
the motion itself requires more actuation effort. Furthermore, . T . . L .
for motion with environmental contact, a spring can reduce Investigation is to help in the design of robotic systemsofhi
actuation effort more than in free space motion, especially for Use springs for reduced actuator effort or higher peak power
stiffer environments. in a similar way as humans use tendons.
The remainder of the paper is structured as follows:
. I INTRODUCT'QN _ _ _Section Il introduces the hardware setup and the considered
Research activity toward the application of compliance i&cenarios in detail. In section 11, the modeling, identifion

robotics especially bipedal walking robots or prosthetias  and compensation of friction on the employed robot arm is
been motivated by the use of elasticity in the human musclgiscussed. Section IV presents the optimization apprdach.
tendon system. Fundamental possibilities of spring @afiitn  section V, optimization and experimental results are com-

are discussed in [1] with the aim of reducing actuator worlared and discussed. Section VI contains the conclusion.
by storing and releasing energy from springs. Optimal tgnin

of parallel and serial springs on a simulated human leg in II. EXPERIMENTAL SETUP

[2] allows to replicate human leg torques during walking. ) _ )
Leg prosthetics is one field which shows successful ap- For the experimental evaluation of the effects of springs
plication of compliance. By adding springs to an ankl®" the actuation effort of a robotic device, the ViSHaRD4

prosthesis [3], [4], necessary motor torques for walking Cadevice developed at our institute is used. It features four
igid links actuated by Maxon DC motors coupled through

be considerably reduced allowing for smaller motors anel baf ) . . : ) ) )
teries. Springs are also employed for gravity compensatid}?rmon'c drive gears with a drive ratio of 100:1. Optical

of the arms of Willow Garage's robot platform [5]. This €ncoders are employed on each motor. The link axes of
allowed to use smaller motors and consequently made tf@tation are in pa_raIIe.I, resulting in a kinematically redgnt
arm backdriveable. Another possible application of spilsg 2™ @S shown in Fllg. 1. The gears ,?HOW ;0_ a'mp“fv{ht[he
to increase peak output power or acceleration, as performBiPtor torques but also introduce significant friction, whic
in [6] for the case of ball catching. is discussed in the nexF section. _ _
For the goal of making bipedal walking robots more The comple'Fe dynamic model of tthlSHaR_D4 arm with
efficient, springs reduce the required actuator input [g], [ 2ngular coordinateg = [q1, a2, s, ga]" (see Fig. 3) and
[9] substantially in simulations based on optimization oftp 1S derivativeg = 3¢ is derived using the Euler-Lagrange
walking motion and compliance. In [10], the simultaneougduation [11].
optimization of gait and a parallel ankle spring for a biped Dia)é + Cla . _ JTF 1
model not only leads to a more efficient gait but also (@)d+Cld, )G =Tm =T+ 7+ (3)
to a more human-like gait. As in most simulations somejere, D denotes the inertia matrix, an@'q the matrix of
simplifying modeling assumptions like neglecting fristiare  Centrifugal- and Coriolis torques. There is no gravitagion
made, the open question is to what extend springs can redugem, since the arm is parallel to the ground. The effective

_ _ _ . torque is composed of motor tor , friction torquer,
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Fig. 1. Top view of the experimental setup. The ViSHaRD4 arshiswn  Fig. 3. Top view of scenario 2: Impact with spring loaded plétest half

together with the spring loaded plate. of periodic motion is shown with top via point (left), contgmtint (center),
link 4 and plate compression (right). The motion of the arm from ficsttact of
\//_\/ pulley link 3 the plate (center) until max. compression (right) is cattedtact phase

extension spring ‘

_(“7\( with k&, = 686N andF}, = 24N. A set of via points and the
----- . \ cycle time specify this motion for later optimization. Mari
‘ } with contact of the end-effector to the plate is referred to
motor joint 4 wteel mire adjust;;; offset as contact phase motion with no contact is calledree
phase This scenario partially resembles the impact of a
Fig. 2. Sketch of the spring attachment at joint 4 (not truectaley. The biped leg with the ground although it lacks the influence
circular pulley is coupled to the output side of the gear. . . .
of gravity. A spring-loaded plate was chosen in favor of
spring torquer, and torque due to forceg at the end- a rigid environment to avoid damages at the gear due to
effector. The model for the friction torque is described impeak impact forces and to allow to investigate different

the next section. environment stiffnesses.
In order to investigate the effects of parallel springs, a

linear extension spring is attached via a steel cable and [&l. FRICTION MODELING AND COMPENSATION
circular pulley to the last joint, as shown in Fig. 2. Althdug
a spring at each joint is possible as well, we think that
single spring suffices to investigate the reduction of aana
effort by the spring. The second side of the spring is fixed t
the previous link, with the offset being manually adjus¢abl
The joint torque from the spring, , is piecewise linear. A Friction Modeling

In the following, different friction phenomena are dis-
Qussed and combined to a friction model for the ViSHaRD4
device. Then identification experiments are presented ds we
8s details on the model-based compensation.

0 otherwise parameters including.\_/elocity, temperature,.grease,igql_)pl
] . ] load, and motor position. A detailed overview of friction
Here,r, = 0.06m is the radius of the pulley;; the linear yhenomena and friction models is given e.g. in [12]. Com-
spring coefficientF; the initial tension force of the spring, monly employed friction effects include Coulomb frictica,
and g5 the offset angle. A set of nine different springs isconstant friction force opposite to the direction of motion
avak|rl\|able fomh{a experiments WITN stiffnesses rangingnfro 4nq stiction which describes friction at zero velocity. 36ss
137 t0 8.077, in approximatelyl T+ steps. _ friction models the velocity dependence of friction witketh
Two different scenarios of arm motion are considered itandard linear model extended by a cubic term in [13].

this paper. For both cases, motion and spring stifiness aggygitional friction phenomena at low speed are included by
optimized simultaneously, once ignoring friction and oncgne more elaborate dynamic LuGre model [14].

taking friction into account. S _ In the considered scenarios the fraction of low velocity is
~ Scenario 1:A periodic motion of joint 4 is considered, \ather small, therefore LuGre model and stiction model are

with the joint required to move from o t0 g4 and back ot ysed here. The chosen friction model here is a static

in a given time. This represents a point to point Motion iRye|ocity dependent friction map consisting of a direction

free space as it occurs e.g. in pick & place operation;:. _ dependent Coulomb friction term, and linear and cubic
Scenario 2: The complete arm performs a periodic,;iscqus terms.

motion with intermittent contact with the environment. The
end-effector is required to approach a spring-loaded plate {Ci,o + ¢i2di + €3G} g >0

{rﬁks (gso —qa) +rpFso if g4 < gs0 5 The friction of harmonic drives is affected by a variety of
Ta,s =

move it alolng the;/—axis only anq ret_urn t_o th.e initial position 1= —ci1+ Ciodi +¢i3d 4 <0 “)
as shown in Fig. 3. The force ip-direction is modeled as
. The parameters; ;, j € [0, 1,2, 3] of the friction model are
o {Fp,o +kp (Yp —y) = Fpesign(y) ity <yp o estimated from an identification experiment for each jaint

0 otherwise separately which is described next.



TABLE |
FRICTION IDENTIFICATION OF VISHARDA4: SPEED RANGES AND
IDENTIFIED FRICTION PARAMETERS

degrees of freedom. For this purpose, the considered dptima
control problem is first parameterized in the coordinate
trajectories. The optimization in the contact phase is then

link | gimaxin @ || e1 | c2 | 3 | ca possible by a special coordinate transformation. At the end
1 L, 2] 1461 083 253 | 021 of this section, a short discussion on the required torque fo

2 [1, 2] 114 | 091 ] 2.18 | -0.19 frictionless single link motion shows the potential usaégds

3 [1, 2.5] 101 ] 114 193] -012 of springs and simultaneous optimization.

4 [1, 3, 5] 172|105 1.14 | -0.01

A. Parameterized Optimal Control Problem

The general optimal control problem for minimizing ac-
tuator effort is given by

T

min / [Tm()|3dt stn; <0, n.=0 (8)
Tmks,qs0

with a set of nonlinear inequalityn, and equality n.

constraints specifying the scenario and hardware linoitati

In view of the second scenario which includes a phase with a

Fig. 4. Friction torque from identification experiment (gyand estimated Kinematic constraint at the end-effector, the optimal waint

friction map (black line) for joint 2. problem is parametrized by using Bezier polynomials of

B. Friction Identification degreeM + 1 for the desired joint trajectorieg,.

friction torque in Nm
A v o v

2 15 -1 -05 O 0.5 1 15 2
angular velocityg, in rad/s

For the estimation of the friction model parameteys, M , t—+
friction torque is calculated from desired and recordedzmot q4(t) = Z oy, (]\]:[> (1—s)MFsk, s(t) = - too 9)
torques at different speeds. In order to cover a desireddspee k=0
range, each link is required to follow cosine trajectorigthw Here,s is a dimensionless path parameter defined using start
different maximum speeds. time ¢, and final timet; of the considered motion. For given

o to, t1, joint motion is specified by the polynomial parameters
qi(t) = qio +a(l+cos(wt)), ¢;(t)=0 Vj#i (5) [, . .., ap]. The corresponding motor torqus,, is
4i € [~Gimax Gimad  With s max = aw . (6) given by the inverse system dynamics.

Here, g; denotes the angle of theth link, a the amplitude, +* = D(q,)G,+ C(qq, dq)dq+ Ts(@a ks:qs0) + T(d4)
andw the angular frequency of the cosine trajectory. (20)

In the_experlment, a PD controller together with the fr|<_:-AS the spring function (2) and the friction model (4) are

r .
trajectory. The maximum speedsma for the individual Enown, the respective torques andr; are computed based

links are shown in Table | together with the identified frocti on the d_eswed trajectories. - .
. ! . py using (9) and (10), the original optimal control prob-
parameters. Parameters are fitted using a nonlinear Ie?s

. . o - . Iem (8) is transformed to a parameterized optimal control
squares algorithm. The identified friction map togethetwit A . X
the measurement data for joint 2 is shown in Fig. 4. problem, which is a nonlinear programming problem (NLP).

a,ks,qs0

icti i min Tm(t, o, ks, qs0)||2dt
C. Friction Compensation /T|| ( 50) 1> (11)

For the implementation of model-based friction compensa- st. n,(t,a, ks, qs0) <0, mne(t, 0, ks, qs0) =0

tion on the robot arm, the friction model (4) is extended by an_ . L ) ) . . .
exponential scaling around zero velocity as in [15] to avoid NS OPtimization problem is solved using the interiorifioi

chattering behavior due to the noise of the differentiate@!90rthm in MATLAB's fmincon solver. The desired tra-
position signal. Moreover, friction torque is additionyall JECtOTY iS composed of several polynomials connected via

scaled to strictly underestimate friction continuity conditions on position and velocity. As only a
finite number of springs are available for experiment, in the

Tfei = CuTf (1 — e*Ce\fii\) (7) last step of optimization stiffness is fixed to the value of a
. real spring closest to the current optimized stiffness ealu
Throughout the experiments the constanisc, are set to . _
0.92 and 150, respectively. B. Change of Coordinates during Contact Phase
In the second scenario, the end-effector contacts the
V. _TRA‘]ECTO_RY OPT”\MZATION. spring-loaded plate and moves it along the spring axis
For the aim of reducing actuator effort, simultaneousnly. For the world coordinate system as in Fig. 3, this is

optimization of motion and spring properties has previpuslformulated as the following constraint on the end-effector
been shown to produce the best result [9]. A difficulty inpositionp4 = [p4m,p4y]T-

motion optimization occurs in the contact phase, since the .
constrained end-effector motion results in a reduction of p12(q(t)) = zp = const. if ps, <y, (12)



In order to incorporate this constraint into optimizatidime 40
idea is, similar to the presented ones in [16], [17], to find

a new set of minimal coordinates for the system under «
constraints and perform motion optimization in the new §
coordinates. The new coordinatas are chosen to contain
the constrained variable,, andqy, the joint variable at the
location of the spring.

—6— 1A - % —1B—8—1C - A - 1D

cost in

]T

=p(q) (13)

Here, py, is the y-position of the 2nd joint,gs aps the
absolute angle of the 3rd joint with respect to the worlgtig. 5. costs of different cases of scenario 1 over desiredecgme
coordinate system. The coordinate transformation fgpio  obtained from optimization. Solid lines represent optimiatwith no

w is completed by the following set of equations spring, dashed lines optimization with spring. A dark lineligates that
friction was considered in optimization, light lines indieaa frictionless

model. Nodes represent the actual data points

w = [P4x D2y  Q3.abs 44

cycle time in s

o
v =J ., J = -, det Jw =0 =0
v wd Y Oq et (Ju) - (14) TABLE I

o . d . . 2.2
W =J, 4+ (EJw) Gg=4J,4+ by COSTS OF SCENARIGL IN EXPERIMENT AND SIMULATION IN N2m?s,

. . . . . EXPERIMENTAL DATA AVERAGED OVER 3 TRIALS
with the transformation being valid fgr # 0 and the inverse

transformation valid under certain bounds @ and ps,. T | Data Source| Case 1A| Case 1B| Case 1C| Case 1D

Based on the new coordinatas, the motor torquer,,, is Simulation 15.4 5.2 35.8 23.8

obtained using the system dynamics (1) and above transfor-1-2S | Experiment | 31.5 22.2 36.4 25.9

mations (14). ks in kN/m - 7.9 - 7.9

= 1 ~ ey g1 . Simulation 3.3 1.2 23.7 20.5

Tm =D(w)J,," (i b“’)fr C_'(w’w)‘]w Y (15) 205 Experiment| 23.0 20.2 226 20.8

+ 7s(w, ks, gs0) + T () ke in kN/m | — 5.9 - 5.1

Using the coordinatesy and equation (15), optimization o o ]
for the contact phase can be accomplished by settir{g) = 1) Optimization ResultsFor optimization, the trajectory

2pate and choosing Bezier polynomials for the remainingS composed of two Bezier erolynomials of degree 10 con-
entries ofw. Then, the optimal control problem is againn€cted aigso = 0 andqs . = 5. The numerical results are

parameterized as in (11) and can be solved similar to tf&oWn in Fig. 5 and Table II.
unconstrained case. A comparison of the frictionless cases 1A and 1B shows
that the cost reduction through using a spring is approx-
V. RESULTS imately constant for varying cycle time at appros6%.
As expected, if friction is included in the system model,

In this section, the numerical simulation of the optimiza—C sts are generally higher. In cases 1C and 1D. relative cost
tion results is compared to the experimental execution ang>, 9 y higher. !
. . L : savings from the spring are rather low at aroudd for a
analyzed with respect to spring utilization. The influente Oc cle time of T' — 2s but increase tB4% for T — 1.2
friction and scenario on the achievable reduction of actuat Y’ -8 N s

effort is discussed. Four different cases are considered fgm if the absolute cost savings from the optimized spring
each scenario in obtimization' are considered, results for the frictionless case are aimil

o ] ] to those from the case with friction. For a cycle time of
« Case A: frictionless model, no spring considered T = 1.2s, the cost reduction through the spring is2N*m?s

- Case B: frictionless model, spring optimized for the cases 1A/1B]2.0N’m?s for the cases 1C/1D. This

« Case C: model with friction, no spring considered  gpservation holds for all cycle times as shown in Fig. 5.

« Case D: model with friction, spring optimized From these results, it can be concluded that at low speeds
This notation is combined with the scenario number, e.ghe actuation necessary to overcome friction dominates the
scenario 1 case A gives “1A", in the following. In all costs and therefore a spring can reduce costs only by a
experiments, the optimized trajectories are enforced by rather small percentage. For higher speeds, the actuation
PD controller with inverse dynamics and compensation fafecessary to brake and re-accelerate the link becomes more
friction torque (4), spring torque (2) and torque from thedominant and allows to significantly reduce actuator effort
spring-loaded plated (3) using model-based estimates. by an optimally spring even in the presence of friction.

2) Experimental ResultsThe goal of the experiments
is to verify whether the spring reduces actuator effort on

The primary focus of scenario 1 is to examine the influenceeal hardware as predicted in simulation despite remaining
of friction on spring exploitation. Therefore, this scenas  modeling errors and uncertainties. Optimization resufts o
optimized for different cycle times for the cases A-D, withcases 1A to 1D for the cycle timeg = 1.2s and T =
the result considered in simulation and experiment. 2.0s were executed on the hardware setup with the chosen

A. Scenario 1 - Joint 4 Motion



TABLE Il

E
i 8 0 COSTS OF SCENARIQ IN EXPERIMENT AND SIMULATION IN N2m?s,
_j 4 /6 EXPERIMENTAL DATA AVERAGED OVER 3 TRIALS
& o
% 0 %777/3 T | Data Source c kp = 0.65% kp = 1350
2 4 ase 2C| Case 2D| Case ZC‘ Case 2D
g /2 Simulation | 149.1 137.0 142.7 125.4
S -80 03 06 09 1.2 0 03 06 09 1.2 1.2s Experiment 179.4 167.5 162.3 148.4
timetins timetins ks in KN/m - 5.1 - 5.9

Fig. 6. Comparison of case 1B (gray line) and 1D (black lin&pvein Simulation 107.3 93.8 1191 84.0
co%wm'anded nF:otor torquey ., in thg Ieslit plot and the angle, over tim% 165 | Experiment | 1303 111.3 139.6 94.5
in the right plot. Cycle time id.2s. ks in kKN/m - 5.9 - 7.1

. . _ . Simulation 93.8 85.0 136.6 85.9
stiffness and spring offset. .Th.e r(_esults.are sum.mgrlzed IN2.0s ["gxperiment | 111.9 1004 146.0 104.2
Table Il. In case of an th|m|zat|on_W|th the frictionless s in KN/m — 59 n 79
model (1A, 1B), the costs in the experiments are as expected
higher due to friction. But the absolute difference betweer
the costs with and without spring remain approximately 05 05
similar for both cycle times. For the cases where friction isE -0.55 \v\ e -0.55
included in the model (1C/1D), experimental costs are close g £ 06 )
to those obtained from optimization. E { 2 P

A comparison with cases 1A and 1B shows that smalle/™ 065 =065
costs are achieved in experiment if the trajectories froen th  -0.7 ! 0.7
frictionless optimization are used. A possible reason & th -0.17 -0.15 -0.13 -0.11 -0.17 -0.15 -0.13 -0.11
the identified friction model is imprecise due to temperatur Paq in M Pie N M
drift or unmodeled friction phenomena. The other explana: -0.5 -0.5
tion is based on the tracking error of cases 1A/1B. For thos 55 0.55
two cases, the PD controller has to cancel friction, leadin€ E 06
to a tracking lag. As a result, the reversal point is earlier’s =
e.g. for case 1B at the anglg min = —1.48rad compared = -0.65 < -0.65
t0 q4,min = —1.54rad for case 1D shown in Fig. 6. 0.7 0.7

In summary, the experimental results confirm the simu- 017 -015 -013 -0.1 017 -015 -013 -0.11
lation findings when it comes to the achievable cost sav pi.inm pi.inm

ings through spring utilization. Although the lowest costs

[PRrp : FEig. 7. End-effector trajectory, (t) in z-y plane for the plate with spring
re found if friction is not m I- mpensat this; i ;
are found ction is not model-based compensated, sétlffness 0f0.6 XN (top) and1.3XY (bottom row), both at a cycle time of

comes at the cost of a higher tracking error making a faif gs, optimization result (dashed) and experimental resulidsaDn the
comparison difficult. left side, case 2C is shown, on the right side case 2D.

B. Scenario 2 - Motion with Environmental Contact For the softer plate, the spring in joint 4 can reduce

In this scenario spring exploitation is studied for motioractuation effort by a rather low amount with a maximal
with compression of the spring-loaded plate for two differe reduction of13.5N°m?s for 7' = 1.6s. A larger reduction
plate stiffnesses. The hardware setup is shown in Fig. 1. of effort is obtained from the spring for the harder plate,

The desired trajectory is characterized by two waypoint&ith a maximal reduction 085.1N’m?s atT = 1.6s. The
for the end-effector, one for the apex and one for the poititter reduction is larger since the stiffer plate requirese
of maximum compression. For optimization, the trajectoryctuation at joint 4, with the costs evaluated for total trerq
is subdivided into 4 phases (see Fig. 3): apex to fireing50.2N’m?s compared t@5.6N”m?s for the soft plate.
contact (free phase), contact to max. compression (contact?) Experimental ResultsThe experimentally determined
phase), max. compression to last contact (contact phasedsts shown in Table Il confirm the results from optimiza-
and last contact to apex (free phase). In each phase, Beien with respect to reduction of actuation effort through
polynomials of degree 7 are used for each coordinate. Tliee spring. Absolute costs are higher than in simulation,
phase durations are fixed 1% and 10% for free phases which can be traced back to modeling errors e.g. through
and contact phases, respectively. Numerical and expetanenunmodeled viscous friction at the plate. But since the main
results forT = {1.2; 1.6; 2.0}s are shown in Table III. interest lies in cost differences between the respectises;a

1) Optimization ResultsThe comparison of costs over this additional cost offset is not important.
cycle times shows that for the softer plate stiffness, costs Apart from modeling errors, tracking errors also influence
decrease with rising cycle time. For the stiffer plate hogvev costs. A suitable measure for the tracking behavior is the
the medium cycle time has the lowest costs, the plate eigenbtained maximum compression of the plate with the desired
frequency obviously better fitting the fixed phase times. value beings.0cm. For case 2D and a cycle timeBf= 1.6s,



15} ‘ ‘ 1 with environmental contact, a larger cost reduction thitoug

§ 1ol | the spring is possible, especially for a stiffer environinen
£ but with less dependence on speed of motion. In summary,
§ 5 \\,\ ] this paper supports the simulation based findings for using
g 0 N springs in bipedal walking. Even in the presence of friction
8 5 / | springs can significantly reduce actuation effort and iasee
: : : peak torque, making parallel springs a viable option for bio
0 0.4 _ 0'? 1.2 1.6 inspired robotic devices.
time in s
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torquewuy in Nm
()]

Fig. 8. Torques at joint 4 in experiment for the plate with sprstiffness 3
of O.GkﬁN (top) and1.3kﬁN (bottom). Motor torqueuy, ,, for case 2C is (3]
indicated with a black line, for case 2l ,,, with a gray solid line.Spring
torquewuy, s of case 2D is shown in gray dashed.



