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Abstract— Robotic control systems inspired by animals are
enticing to the robot designer due to their promises of
simplicity, elegance and robustness. While there has been
success in applying general and behaviorally-based knowledge
of biological systems to control, we are investigating the use of
control based on known and hypothesized neural pathways in
specific model animals. Neural motor systems in animals are
only meaningful in the context of their mechanical body, and
the behavior of the system can be highly dependent on
nonlinear and dynamic properties of the mechanical part of the
system. It is therefore reasonable to believe that to reproduce
behavior, the physical characteristics of the biological system
must also be modeled or accounted for. In this paper we
examine the performance of a robotic system with three types
of muscle model: null, piecewise-constant, and linear. Results
show that adding very simple models of muscle properties at a
single joint cause marked improvement in the performance of a
neurally-based step generator for a 3-degree-of-freedom
robotic leg.

I. INTRODUCTION

IOLOGICAL systems have been a source of inspiration

for robotic applications at varying levels of abstraction.
In the design of legged machines this has ranged from the
highly abstracted Whegs™ [1] and RHex[2] vehicles,
through less abstract but still highly simplified systems like
MechaRoach robots [3, 4], to more flexible and complex
systems, including Robot II [5, 6], the TUM walking
machine [7] the Tarry series [8], the Lauron series [9], and
BILL-Ant-p [10, 11].

These systems use methods of varying complexity for
coordination between and within the legs. In Whegs™ and
MechaRoach both inter- and intra-leg coordination are
accomplished through mechanical coupling. Indeed, in both
Whegs™ and RHex systems the intra-leg coordination
problem is solved by using single-link appendages. While
these systems are outstanding in their simplicity and
robustness, there is a limit to the complexity of behavior
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such systems can exhibit, and a corresponding limit to the
complexity of locomotion tasks they can solve.

Coordination between legs to produce gaits has been
successfully implemented [6, 7, 8, 11] using rules based on
animal behavior [12]. Though these methods produce
coordination between legs, subsystems must coordinate the
motion within each leg. This has typically been done using
inverse kinematics [6, 11]. While this is conceptually
straightforward, dealing with dynamic environments and
perturbations can be a matter of considerable effort. In
addition, these methods require trigonometric and other
computations which are often beyond the capability of
microcontrollers found in small-scale robots. As a result,
such robots are either larger, to house on-board processors,
or require off-board, tethered control systems, which can
limit mobility and usable range of operation. Other
solutions for intra-leg coordination, e.g. by Wadden &
Ekeberg [13, 14], are based on neurally-inspired pattern
generators whose action can be modified by sensory input.
The computational complexity of such systems can also be
relatively high, however, since they require many
simultaneous integrations to simulate the artificial neural
dynamics.

Biomechanical studies strongly indicate that the
performance of biological locomotor systems not only relies
on the dynamic neuromuscular transform between the
nervous and musculoskeletal systems of a walking animal,
but can also profit from the contribution of specific muscle
properties [15, 16]. The control methods used by the nervous
system are likely to rely on these complex properties of the
associated mechanical systems. This situation suggests the
integration of muscle properties into the control methods
used for legged robots. To the engineer of legged systems,
then, it is important to determine what part of the nonlinear
and dynamic properties of muscle are required for adequate
system function. This paper addresses that problem.

II. CONTROLLER DESIGN

A. The SCASM control method

In this work we are using Sensory Coupled Action
Switching Modules (SCASM) for the generation of
coordinated stepping motion in a robotic leg [26]. This
control method is based on observation, neurobiology and
modeling of the stick insect. In this animal evidence in the
leg muscle control system suggests that the neuronal control
can be subdivided into several central pattern generators
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(CPG’s). Each CPG can generate a basic alternating activity
pattern in antagonistic muscles of a given leg joint even
without any peripheral input [17, 18]. Experiments with
pharmacological activation of the leg control network lead to
the conclusion that each leg joint (ThC, CTr, FTi; see Fig. 1)
can be associated with an individual CPG.

In order to be able to generate a stepping movement the
activity of the three joint control CPG’s must be
coordinated. This coupling is achieved by means of sensory
feedback [19-23]. Usually leg proprioceptors can be
attributed to a specific leg segment and therefore be
associated with the joint that moves this segment. The
chordotonal organ for example is a stretch receptor inside
the femur-tibia joint. It is able to signal parameters of joint
geometry like joint angle or angular change [24]. Signals
from the chordotonal organ do not only influence the CPG
of the FTi joint itself [25] but also the motor-activation of
the adjacent (CTr) joint [22, 23]. These inter-joint influences
are an important mechanism of segment coordination.

B. Controller Abstraction

These results were the basis for developing a new model
of leg movement control. In this model the control is split
into three independent joint control systems. Each joint
controller is a state machine and its simple task is to
determine whether to be in the joint’s flexion or extension
state. To make this decision the joint controller has access to
specific sensor data, but it has explicitly no information
about the state of other joint controllers[26]. This reflects the
uncoupled nature of the biological archetype.

Thorax

no Ground Contact

Foot Contact

FTi £ FTi Angle and Ground Contact

FTi > FTi Angle or no Ground Contact

FTi < FTi Angle or ThC < ThC Angle

FTi < FTi Angle

Fig. 1 Diagram of geometry and control of the simulated stick insect middle
leg, showing ThC (Thoraco-Coxal) protraction and retraction, CTr (Coxa-
Trochanter) levation and depression, and FTi (Femur-Tibia) flexion and
extension. The conditions used by Ekeberg et al. for transitions between
states are shown adjacent to each transition arrow. The leg segments, from
the body outward, are the coxa, femur and tibia.

It is possible to simplify the controller’s task to a set of
Boolean decision rules like:

if (sensor-data, > threshold,) then
state = flexion

else
state = extension

In case of the stick insect the appropriate rules for each
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joint can be derived almost completely from literature; only
the threshold values have to be adjusted to function with a
particular leg geometry. The leg segments, from the body
outward, are the coxa, femur and tibia. The trochanter is a
small leg segment which is effectively fused to the femur in
the stick insect, thus the coxa-trochanter joint. We maintain
this nomenclature for both the stick insect scale model and
the general 3-degree-of-freedom (3-DOF) leg.

III. SINGLE-LEG TEST PLATFORM DESIGN

We refer to the controller abstraction described above and
depicted in Fig. 1 as Sensory Coupled Action Switching
Modules (SCASM)[27]. In the robot described here and the
simulations in [26], each joint controller comprises a
module. Coordinated motion arises through the coupling of
the modules through sensory information and mechanical
coupling. Though they are implemented as such here, the
modules need not be finite state machines; in the animal they
can be considered bistable oscillators. The following section
describes the implementation of the particular SCASM
architecture shown in Fig. 1 on a prototype scale model of
the stick insect middle leg. We consider SCASM to consist
only of the mechanisms necessary for switching between
various activities at the modules. These modules in turn
drive the underlying plant, which in the case of this system
includes muscle models.

Fig. 2 Single-leg platform. This view is from the front; the bar extending to
the bottom right indicates the orientation of the thorax in the horizontal
plane.

The single-leg test platform, shown in Fig. 2, is a 14.3:1
scale 3-DOF model of the right middle leg of the stick insect
Carausius morosus. Though the animal has more than one
DOF at the thoraco-coxal joint, only the primary
protraction/retraction DOF was used, as in the model of
Ekeberg, Bliimel and Biischges[26]. A smooth, low-friction
foot, constructed using a half of a table-tennis ball, simulates
the frictionless surface used by Ekeberg er al in their
modeling when used on a hard, smooth surface. The joints
are actuated using Al-series servo motors from



MegaRobotics (MegaRobotics Co., Ltd. Seoul, Korea). The
femur and tibia segments of this prototype were constructed
from 9.5 mm diameter plastic shaft, and these are connected
to the motors using adapters made from Delrin® plastic

TABLE 1
JOINT ANGLES CONDITIONS FOR STATE CHANGES
Joint  State Transition Joint Angles (degrees)‘ CTr
ThC FTi Load
Sideways Stepping
ThC —RET -- - >0.5%
—PRO -- -- <-0.5
CTr —DEP <80* -
—LEV <-25 > 115% -
FTi —FLX -- <100 >0.2%
—EXT - > 120%* <-1
—EXT27 - <80 <=0
Forward Stepping
ThC —RET -- - > 0*
—PRO -- -- <-0.5
CTr —DEP -- <75% --
—LEV <-20 > 120%* -
FTi —FLX -- <100 >0*
—EXT - > 105* <-1
—EXT2t - <80 <=0

* Condition differs between restricted and forward stepping.
T Additional state implementing the piecewise-constant muscle model. This
state is only enabled for tests of that model.

which interface with the standard slide-in connectors of the
Al-series servomotors. The motor driving the ThC joint is
connected to a body link, which is attached to the base on
two vertical sliding rails used to adjust the modeled body
height.

These servos are controlled via an RS-232 serial data line,
and provide 8-bit angle and load feedback to the host
controller over the same line. Angle feedback is used in
conjunction with the servo motors’ proportional control to
implement a crude feed-forward torque control. For a given
desired torque output, the servo is commanded to go to some
delta of position from the current position; generating a
torque proportional to this delta. This system generates
compliant motion from an electrical motor system with
relatively little computational overhead. Control is
implemented on a 400 MHz Pentium-III computer running
RT-Linux [28], which also records all state and sensory data
for analysis and allows on-line modification of state
transition conditions.

Control takes place primarily in two threads. The first of
these handles the feed-forward force control and runs as
quickly as it can given computation and serial
communication overhead, currently 197 Hz. The second runs
at a lower priority and handles the state transition and
activation calculations at 100 Hz. All control and sensory
data are stored in shared memory accessible both from real-
time and user space, allowing online modification of the
control, and data is logged via FIFO to a high-priority user
space program which writes all data, including sensor
readings, states and muscle activations, to files.

The state transition thread sets muscle activations based
on the current state for each muscle. These activations,
shown in Table II, are constant for muscles at the ThC and
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FTi joints. At the CTr joint the activations are dynamically
set based on known activation reflexes, as was done by
Ekeberg et al.[26].

TABLE I
MUSCLE ACTIVATION LEVELS BASED ON JOINT STATE
Joint Agonist Antagonist
State Activation Activation
ThC PRO 0.6 0
RET 1.6 0.1
CTr LEV Eq. (1) 0
DEP Eq. (2) 0
FTi (sideways) EXT 0.6 0.09
FLX 1.3 0.001
EXT2 0.2 0.09
FTi (forward, EXT 0.8 0.09
piecew. const.) FLX 6 0.001
EXT2 0.15 0.09
FTi (forward, EXT 0.8 0.09
linear) FLX 1.7 0.001

The non-constant activations in Table II are given by:
K, (FTi_angle) (1)
2*K,(FTi_angle) + K3(CTr_angle) 2)
K(x) = max[0, (a + bep(x, wmin, wmax) + ceq(x, wmin, wmax)] (3)
p = x-wmin/(wmax-wmin); g=1-p  (4)

TABLE III
ACTIVATION FUNCTION PARAMETERS
K a b c wmin wmax
1 0 0.8 0.01 61 100
2 .08 -0.205 0.008 61 100
3 0 0 0.06 -40 80

We used three types of explicit muscle model in these
experiments: null, piecewise-constant, and linear.

In this work the term “linear muscle model” refers to a
muscle modeled as a contractile element whose force at a
particular activation is scaled by its current length. The
length of the element, in turn, is determined by modeling the
joint as a constant-radius pulley; the most computationally
simple joint model. The linear muscle model was used only
in the simulated muscles activating the FTi joint. This model
of muscle activation is far simpler than those intended to
accurately model muscle dynamics (e.g. that of Hill[29]),
which can include parabolic, hyperbolic and exponential
characteristics for both the dependence of active force on
muscle length and contraction velocity, as well as passive
nonlinear stiffness and damping elements.

All tests presented in this paper used the following
method for computing the servo delta at each joint:

Bumo= D7 /]

muscles (5)
f =activation* FL- f,

max

where 7 is the radius of the pulley associated with each
muscle, FL is the force-length activation scaling function,
and f,. is a parameter intended to represent the maximum
force which can be exerted by the muscle. For the null and
piecewise-constant muscle models, FL was just set to 1,
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eliminating the dependence of f'on joint angle. For the linear
muscle model, FL was a function of nondimensionalized
muscle length /°:

FL=a+b-1I'
l'_(a—G)r+lo (6)
- .

with a and b constant parameters, 0 the joint angle, /, the
“resting” length of the muscle and a the joint angle at which
the muscle reaches this length. The parameters used for each
muscle in the controller are given in Table IV. Note that the
angle parameters are implicitly shown in radians in Eqn (6),
but given in degrees in the table. Note also that the
parameters given in Table IV are for muscles, not states.
There is no FTi EXT2 muscle. The EXT2 state just sets
activations differently for the FTi extensor and flexor
muscles.

The FTi post-extension (EXT2) state is in effect a
piecewise-constant force-length characteristic for the FTi
extensor muscle. It is only in effect during extension, but
putting it into effect during flexion would likely have little
effect due to the low extensor activity during flexion.

TABLE IV
MUSCLE MODEL PARAMETERS
Muscle Iy r a Jonax a b
Sideways Stepping
ThC RET  -- -0.5 - 10 - -
ThC PRO  -- 0.5 - 10 - -
CTr_DEP - -1 - 10 - -
CTr LEV - 1 - 10 - -
FTi FLX - 1 - 10 - -
FTi EXT -- -1 - 10 - -
Forward, Piecewise Constant
ThC RET  -- -0.5 - 15 - -
ThC PRO  -- 0.5 - 15 - -
CTr_DEP - -1 - 10 - -
CTr LEV - 1 - 10 - -
FTi FLX - 1 - 20 - -
FTi EXT -- -1 - 10 - -
Forward, Linear
ThC RET  -- -0.5 - 18 - -
ThC PRO  -- 0.5 - 15 - -
CTr_DEP - -1 - 12 - -
CTr LEV - 1 - 15 - -
FTi FLX 5 1 95 30 -1.5 2
FTi EXT 5 -1 100 14 -1.4 2

Though it is not modeled explicitly and has not been
quantified, there is also a force-velocity dependence inherent
in the force control method used. As a joint moves more
quickly in the direction it is being driven, the average
distance between the commanded position and the joint’s
actual position will become less, reducing the torque applied
to the joint. The inverse is also true; decreasing joint velocity
increases force.
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IV. RESULTS

We first tested the operation of the model leg in the
restricted single leg preparation, which corresponds to a
reduced biological preparation in which all legs but one are
removed and the ThC joint of that leg is immobilized [30,
31]. This preparation allows a stepping movement
sometimes called “sideways walking”. During sideways
stepping tests, the body link was adjusted such that the ThC
joint was about 16 cm above the ground.

A. Sideways Stepping

We first compared the operation of the sideways stepping
system with the null and piecewise-constant muscle models.
In development of the system, it became apparent that one of
the most difficult aspects of stepping control using this
method is the swing-stance transition.

Sideways stepping, Null. t=0-12's

~— CTr levation

= = CTr depression
— FTi extension
= = = FTi flexion

Tarsal Z, cm

Tarsal Y, cm
Sideways stepping, Null.

FTiangle CTrangle
o
3

0 2 4 6 8 10 12
150
100
50
0 -
-50 " " L " "
0 2 4 6 8 10 12

Time, s

Fig. 3 Path-state plot (top) and joint trajectories in degrees (bottom) of
sideways stepping with null muscle model. The path-state plot is a plot
showing simultaneous foot path and joint states, and is used in several of
the following figures. Each line represents the state of one joint, styled as
shown in the legend. The foot path regenerated from joint angle data is
represented by the line which starts at the circle and terminates at the
triangle; in this case that is the line representing CTr joint state. In this and
in Fig. 4, negative Y is away from the body since the model is a right leg
(see Fig. 1). The origin is at the ThC joint, and this is a projection of the
already nearly planar restricted stepping motion is therefore onto a
transverse plane. This system ceases motion after one second due to
postponed detection of ground contact, and must be brought back to the
feasible range of joint angles by hand. It again detects ground contact too
late at about 11.5 seconds.

On this platform one of the signals used to detect ground
contact and complete this transition is load at the CTr joint.
Therefore a measurable increase in load is critical for
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switching to stance phase. However, with the FTi joint
extending, this increase in force can be very small, since FT1
extension is acting to bring the foot up while CTr depression
acts to bring the foot down, and the sliding foot does not
firmly engage the substrate upon contact. As shown in Fig.
3, this can result in delayed detection of ground contact,
which disrupts the stepping cycle and brings the system to a
halt. Introduction of the piecewise-constant muscle model at
the FTi extensor makes the swing-stance transition nearly
completely reliable when properly tuned.

The lack of a constant-Z portion during stance in these
runs (as in forward stepping, not shown) is due to flexibility
in the leg structure; precise foot position cannot be inferred
accurately from measured joint angles. This information is
not necessary, however, for SCASM to function.

Sideways stepping, Piecewise-Constant. t=0-5 s

i —— CTr levation
—10} X :\ P {FTl Joint State| CTr depression
NN & | == —— FTi extension
-12} 2 _— ,"/M | = = = FTiflexion
£ ) = FTi post-extension |
O -14f
N
© -16fF
14
<
~ -18}
-20
-22
-35 -30 -25 -20 -15 -10 -5
Tarsal Y, cm
Sideways stepping, Piecewise-Constant.
(0]
> 60F T T T T T 1
c
2 % f\f\/\f\f\f\fm
= 40F ]
O]
0 2 4 6 8 10 12
o . . . , .
=) 120t 1
< 100 1
- 80t : . . : i
[T
0 2 4 6 8 10 12
Time, s

Fig. 4 Path-state plot and joint trajectories with the piecewise-constant
muscle model, implemented using a third FTi “Post Extension” state. In this
example the system quickly stabilizes, although “ground contact” was
apparently detected before actual foot contact during two of the first three
step cycles, which are depicted in the top plot.

B. Forward stepping

In forward stepping, motion of the ThC joint is allowed.
This is the primary difference between this and restricted
stepping; most other parameters of the control system can
remain the same and still produce stepping, though we tuned
them to produce better behavior as seen in Table I.

Forward stepping with the null muscle model fails to
detect the ground and transfer to stance muscle activations
on the first step; the histograms and statistics shown in Fig. 5
and Fig. 6 compare only the piecewise-constant and linear
FTi muscle models. These histograms were generated from
analysis of ten minutes of stepping for each of the two types
of muscle model. In each case it was possible to generate
reliable stepping behavior, though it took more effort to find
a set of control parameters which accomplished this for the
piecewise-constant case; this appeared to be due to a higher
sensitivity to the transition parameters in that case.
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Additionally, leg motion when using the linear FTi muscle
model appears smoother, but this has not been quantified.

Min-min duration, Piecewise-Constant. median 1.44221 igr 0.335271

40

>~ 0 - . . .
) 1 12 14 16 138 2 22 24 26
[}
ag; Min-min duration, Linear. median 1.37117 iqr 0.179522
i

40

20

0

1 12 14 16 18 2 22 24 26
Time, s
Fig. 5 Histograms showing the distributions of durations of the entire step
cycle, as measured from one minimum of ThC angle to the next. The
medians do not differ significantly according to the Wilcoxon test (p=0.22),
and the distributions differ with p = 1x10"® according to the Kolmogorov-
Smirinov test. Note the bimodal behavior in the piecewise-constant data.

Min-min delta, Piecewise-Constant. median 0 iqr 2.61609

100

w
[=]

(=]

-15 -10 -5 0 5 10 15 20

R
S}

Min-min delta, Linear. median 0 igr 1.30804

Frequency

-
o
[=)

50

-20 -15 -10 -5 0 5 10 15 20
Inter-step delta, degrees

Fig. 6 Histograms showing the distributions of difference of the minimum
ThC angle from step to step. The medians do not differ significantly
according to the Wilcoxon test (p=0.14), but the distributions differ with p =
3.7x10” according to the Kolmogorov-Smirinov test. The lack of the wide
tails on data taken using the linear muscle model indicates a more consistent
placement of the foot at transition from stance to swing.

V. CONCLUSIONS

In [27] we suggested that the state transition modules of
SCASM must drive an underlying plant with limited
actuation capability towards the extremes of the range of
motion in order to ensure stable ongoing generation of the
desired repetitive motion sequence. Here we have
demonstrated that a linear reduction in actuation force with
displacement significantly conditions the emergent motion
of the system. It tightens the distribution of foot liftoff
positions (when they should all really be the same) and also
reduces the spread of step durations, while making the
distribution of step durations unimodal. It is worth noting
that the linear models here which create such significant
improvements are used only at the FTi joint, while the
improvements are measured at the ThC joint. These linear
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models are also simpler than the piecewise-linear models
used in the two-leg platform of Lewinger ef al. 2006 [27].

These results suggest that the required complexity of
actuation-limiting models for stabilizing and conditioning
SCASM-based control may be relatively simple in general.
This is evidence of the low computational complexity
necessary for SCASM control, and suggests that application
to a broad range of control problems (and underlying
actuation mechanisms) may be both conceptually and
practically straightforward for systems which require cyclic
sets of coordinated state transitions.

Additionally, it is apparent that adding complexity or
conditioning of the underlying plant at one critical module,
e.g., by improving the associated muscle model, can
significantly improve performance of the entire system
without further computational effort associated with other
modules. This may simplify the task of the system designer,
and also suggests that modulation of the overall system
behavior such as that necessary in turning or climbing could
be implemented as modulation of one or a few critical
modules from a higher-level control mechanism.
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