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Abstract

Purpose — Biological muscles of animals have asurprising variety of functions, i.e., struts, springs, and brakes. According to this,
the purpose of this paper is to apply virtual agonist-antagonist mechanisms to robot joint control allowing for muscle-like
functions and variably compliant joint motions.

Design/methodology/approach — Each joint is driven by a pair of virtual agonist-antagonist mechanism (VAAM, i.e., passive
components). The muscle-like functions as well as the variable joint compliance are simply achieved by tuning the damping
coefficient of the VAAM.

Findings — With the VAAM, variably compliant joint motions can be produced without mechanically bulky and complex
mechanis ms or comp lex force/toque sensing at each joint. Moreover, through tuning the damping coefficient of the VAAM, the
functions of the VAAM are comparable to biological muscles.

Originality/value — The model (i.e., VAAM) provides a way forward to emulate muscle-like functions that are comparable to
those found in physiological e xperiments of biological muscles. Based on these muscle-like functions, the robotic joints can easily
achieve variable compliance that does not require complex physical components or torque sensing systems; thereby capable of
implementing the model on small legged robots driven by, e.g., standard servo motors. Thus, the VAAM minimizes hardware and

reduces system complexity. Fromthis point of view, the model opens up another way of simulating muscle behaviors on artificial
machines.

Executive summary

The VAAM can be applied to produce variable compliant motions of a high DOF robot. Only relying on force sensing at the end
effector, this application is easily achieved by changing coefficients of the VAAM. Therefore, the VAAM can reduce economic
cost on mechanical and sensing components ofthe robot, compared to traditional methods (e.g., artificial muscles).
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1. Introduction

Muscles are usually considered as motors that produce mechanical work (Nishikawa et al., 2007). In fact, they perform
mu ltiple functions like brakes, dampers, and struts (Dickinson et al., 2000). For example, muscles in running cockroaches may act
as brakes for absorbing power to maintain stability (Ahn et al., 2002). In turkey level running, they may serve as struts for storing
and recovering energy of spring-like tendons (Gabaldon et al., 2004). The multiple muscle functions enable animals to
accomplish locomotor stability and mobility over difficult terrains (Full et al., 2002; Fish et al., 2002). In general, muscles are
modelled by active and passive components. While the active components basically generate coordinated movements, the passive
components play a major role in locomotor stability (Dudek et al., 2006; Haeufle et al., 2010). For examp le, cockroaches mainly
rely on the passive components of their muscles for maintaining stability overhighly complexterrain consisting of obstacles up to
three times of the cockroach hip height (Sponberg et al., 2008). To our knowledge, there is no computational model that can
generate muscle-like functions and be applied to controlreal robotic joints.

Inspired by the biological principles mentioned above, the aim of this work is to apply virtual agonist-antagonist mechanisms
to robot joint control allowing for muscle-like functions and variably compliant joint motions. A pair of virtual agonist-antagonist
mechanism (i.e., VAAM) consists of spring-damper components. 'Virtual' here means the joint, which is physically actuated by a
standard servo motor, can produce variably compliant motions as if it were driven by a pair of physical agonist-antagonist
muscles. The joint controlled by the VAAM can produce variably compliant motions without mechanically complex
mechanisms, e.g., variable stiffness actuators (VSAs) (Ham et al., 2009) and artificial muscles (Schmitt et al., 2012). Moreover,



the muscle-like functions of the VAAM shown in this work * are comparable to those (i.e., brakes, dampers, and struts) found in
physiological experiments of animal muscles (Dickinson et al., 2000).

2. Approach

The pairs of virtualagonist-antagonist mechanism (i.e., VAAM) are proposed for variable compliance control of robotic joints.
Specifically, each joint is driven by a pair of the VAAM (i.e., M1 and M2 in Figure 1). M1 and M2 are modelled by spring-damper
systems, considered as virtual passive elements. They mimic the functions of agonist and antagonist muscles when confronted
with an external load (i.e., Fex, See Figure 1). The antagonistic joint (i.e., J) motions are excited by the external load Fey via a
shank with the length L. The antagonist mechanism M2 resists the extension of the joint angle 6 when it is excited by Fey.
Simu ltaneously, the agonist mechanism M1 produces an opposing force against M2. The directions of F;* and Fey; are clockwise
when the direction of F? is counter-clockwise.

Figure 1 Virtual agonist-antagonist mechanism(i.e., VAAM) for antagonistic joint control
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Note: The joint J is driven by a pair of the VAAM with lengths L* and L? (i.e., M1 and M2). Each of the VAAM consists of a
passive element, which is modeled as a spring-damper system. The external force Fey drives the joint J with the radius r via the
shankwith the length L. 6 is the angle of the joint J

Based on Euler's laws, the control equation of antagonistic joint (i.e., the joint J in Figure 1) motions is given by:
0 =F,, V- 2r*(6K + 6 D),I7 =(L+71) cosd, (1)

where I is the moment of inertia.  is the displacement vector of F,,, relative to the joint J. r is the radius of the joint J. K and D
are stiffness and damping coefficients. The details of Eq. (1) can be seen at Eq. (13) of (Xiong et al., 2013). Note that the VAAM
can be applied to joint compliance control in any force dimension if e xternal force Fey that influences joint motion can be sensed.
However, here we consider on vertical force since our hexapod robot used for experiments here can detect only vertical force. In
the future, we will implement additionalsensors that can detect force in otherdirections.

Changing damping coefficients D of M1 and M2 enables the joint to easily achieve variably compliant motions against an
external perturbation when keeping stiffness coefficients K constant. This achievement differs fromthat of physical antagonistic

! This work is an updated and revised version of the work originally presented at the 16th Intemational Conference on Climbing and Walking Robots andthe
Support Technologies for Mobile Machines (CLAWAR, 2013), Sydney, Australia, 14- 17 July 2013.



actuators where two actuators controlled by nonlinear springs are coupled antagonistically, working against each other (Ham et
al., 2009; Vanderborght et al., 2013). These antagonistic actuators (e.g., variable impedance actuators) are still too bulky and
energy inefficient to be applied to small legged robots (less than 8 kg). In contrast the VAAM simulates a muscle pair (i.e., M1 and
M2) which is applied here to control only one motor. By doing so, the VAAM generates more power driving the motor to achieve

fast joint stability when receiving a certain load (see Figure 2). Moreover, the muscle-like functions of M1 and M2 are comparable
to those ofbiological muscles (see Section 3).

One of the reasons why an agonist-antagonist setup is required is the fact that a pair of the muscles acting in concert can
generate more power than the sum of them acting individually when receiving a certain load (Farahatet al., 2010). Besides, a pair
of the VAAM allows for faster joint stability (see Figure 2), compared to a single agonist or antagonist mechanism (see Figures 3
(b) and (c)). One can see that the jointdriven by M1 or M2 leads to slower joint stability than when it is driven by a pair of M1 and
M2. Thus, a pair of M1 and M2 outperforms the other configurations by fast stabilizing joint movement.

Figure 2 Stability comparisons
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Notes: (a) Exciting force Fey. (b) Joint angle 6. Green line: M1 or M2; blue line: a pair of M1 and M2. All M1 and M2 have the
same stiffness and damping coefficients K and D, i.e.,, K = 10, D = 0.1. The joint driven by M1 or M2 shows more vibrations. In
contrast, the joint driven by a pair of M1and M2 reaches faster joint stability than when it is driven by only M1 or M2

Figure 3 Comparisons of different configurations of M1 and M2
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Notes: (a) A pair of M1 and M2. (b) Only M1 (c) Only M2

3. Findings

We find that the muscle-like functions (e.g., springs) are achieved by a pair of the VAAM by tuning damping coefficients D of
M1 and M2 (i.e., see Eq. (1)). Typically, the muscle-like functions are characterized by the work loop technique. The technique,
prevailing in muscle physiology, can be used to assess the mechanical work and power output of musculoskeletal contractions via
in-vitro muscle tests (Biewener, 2003; Ahn, 2012). The roles of muscles (e.g., brakes, dampers, and struts) can be inferred by the
shapes oftheir work loops. Note that the stiffness coefficients K (see Eq. (1)) of M1 and M2 are kept as constants.

Using Fex and Fey; With noise (i.e., error) (see Figure 4), the force-length loops (FT(LZ)- L(l'z)) of M1 and M2 are shown in

Figure 5. They show that M1 and M2 can perform the muscle-like functions, which are achieved by tuning the damping
coefficients D of M1 and M2.



Figure 4 The exciting forces Fey; and Fey with noise
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Note: After the transition T1, Fe,; is constant (i.e. the state S1). It abruptly goes back to the original position Oat the transition T2.
Fext With noise is the sum of F¢y and sampled random noise from a normal (Gaussian) distribution

For instance, the force-length loop (F?- L?) in Figure 5 (a) shows that M2 is lengthening; thereby, it generates force during
periods T1 and S1. This also results in absorbing mechanical energy. Afterwards it acts as a strut during period T2. Finally, it
performs an isotonic-like contraction, i.e. shortening without changing force (note that F? # 0). Overall, M2 (or M1) acts as a
damper and a strut when their K and D are set as: K=0.8, D = 0.7. The damper means that muscles only absorb energy. The
damper role shown in this paper is comparable to that observed in cockroach running (Full et al., 1998) and guinea fowl running
over uneven terrain (Daley et al., 2006). Besides, the strut means that muscles produce force without changing their lengths, i.e.
isometric-like contraction. The strut role shown here is comparable to that observed in turkey level running (Gabaldon et al.,
2004). Figure 5 (b) presents two clockwise force-length loops. The loops show that M1 and M2 act as viscoelastic elements for
absorbing energy (i.e., brakes) when their K and D are set as: K = 0.8, D = 0.1. The brake means that muscles perform as
viscoelastic elements that absorb energy. The brake role presented in this work is comparable to that found in cockroach
experiments (Ahnetal., 2002, Sponberg etal., 2011). Figure 5 (c) shows M1 and M2 yield slanted straight force-length loops, i.e.,
T1 and T2. This means that M1 and M2 act as springs. The spring role shown here is comparable to that in wing muscles of flies
(Tu et al., 1996). On the other hand, different damping coefficients D enable M1 and M2 to variably react against Fe, with noise.
One can see that a pair of ‘softer’ M1 and M2 (i.e., D =0.10r 0.01,see Figures 5 (b) and (c)) acts well against noisy Fey, compared
to a ‘stiffer’ pair (i.e., D = 0.7, see Figure 5 (a)). Thus, the permanent error (i.e., noise) of contact force signals will be cancelled
dueto lower D values of the VAAM (e.g., D = 0.1 or 0.01).

Figure 5 Muscle-like functions of M1 and M2
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Notes: Excited by Fey (see Figure 4), these muscle-like functions are achieved via changing damping coefficients D of M1 and
M2. Besides, changing D value leads to different performances of M1 and M2 against Fey with noise (see Figure 4). (@) D = 0.7.
M1 and M2 act as a damper and a strut. (b) D = 0.1. M1 and M2 act as brakes. (c) D = 0.01. M1 and M2 act as springs. Here we
set all stiffness coefficients K = 0.8. All force-length loops of M1 and M2 are comparable to those found in physiological
experiments of animal muscles (see more details in Figure 3 of (Dickinson et al., 2000))

Note that the force-length loops (FT(LZ)- L(lz)) in Figure 5 (a) cannot return to the original point O like the loops in Figures 5 (b)
and (c). This is because M1 and M2 actas dampers mainly absorbing mechanical energy when their K and D are set as: K =0.8, D
=0.7. Figure 5 also shows variable lengthening/shortening ranges of M1 and M2. The lower the damping coefficients D of M1 and
M2, the larger range they shorten and lengthen. For example, the range of M1 is [0.082 (m), 0.085 (m)] and the range of M2 is
[0.085 (m), 0.088 (m)], when their K and D are setas: K =0.8, D = 0.01.

4. Experiments and Results

In the experiments, the VAAM (i.e., M1 and M2) is implemented on the joints of the hexapod robot AMOS 11 (see Figure 6).
AMOS Il is a biologically inspired hardware platform consisting of sixidentical legs. Each leg has three joints: The thoraco -coxal
(ThC-) jointenables forward and backward movements, the coxa-trochanteral (CTr-) jointenables elevation and depression ofthe
leg, and the femur-tibia (FTi-) joint enables extension and flexion of tibia (Figure 6). The morphology of these multi-jointed legs
is modelled on the basis of a cockroach leg, but the tarsus segments are ignored (Figure 6 (c)). In addition, a passive coupling is
installed at each joint in order to yield compliance and to protect the motor shaft. All leg joints including the backbone joint are
driven by digital servomotors. Each leg contains a spring compliant element and a force sensor to measure ground contact force
(see Figure 6 (b)). Although the leg has passive physical compliant mechanisms, these mechanisms can only produce certain less
compliance to deal with very small disturbances.

The size of AMOS 11 is 30 (cm) wide, 40 (cm) long, 22 (cm) high. The weight of the fully equipped robot (including 19
servomotors, all electronic components, sensors, and a mobile processor) is approximately 4.5 (kg). The robot has six infrared
triangle shap'é”on the front body part, and two ultrasonic sensors (US(1,)) at the front body part (see Figure 6). The infrared sensors
are used for detecting obstacles near the legs while the ultrasonic sensors are used for detecting obstacles in front. The light
dependent resistor sensors serve to generate positive tropism like phototaxis. All these sensors are not used here except the force
a Multi-Servo 10-Board (MBoard) installed inside the body to digitize all sensory input signals and to generate a
pulse-width-modulated signal to controlservomotor position. The MBoard can be connected to a personal digital assistant (PDA)
or a personal computer (PC) via an RS232 interface. For the robot experiments, here, the MBoard is connected to a PC on which
the control equation of the VAAM is implemented.

Figure 6 The six-legged walking machine AMOS I insp‘ired by the morphology of the American cockroach

Notes: (@) AMOS Il and its sensors. (b) Its leg with a force sensor. (c) Cockroach leg (modified from (Zill et al., 2004)). (d) The
AMOS Il leg with three degrees of freedom

3.1 Reducing Contact Force with a Static Load

M1 and M2 are applied to the FTi- and CTr-joints of AMOS Il (see Figure 7 (a)). The control matrix of M1 and M2 for the
implementation is represented as (derived from Eq. (1)):
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where the link lengths L and L, are setas: Lp = 0.065(m), L, =0.11(m). ris the joint radius, which is equal to 0.01(m). The
details of Egs. (2) and (3) can beseenat Egs. (16) — (19) of (Xiong et al., 2013).

In this setup (see Figure 7 (b)), AMOS Il was placed between supporters having a total height of 18 cm (i.e., Ls = 18 (cm)).
Then we placed a board (i.e., a static load) on top of AMOS Il which, thus, carried this load. Thus, the joints of AMOS Il have to
resist the load when the passive springs fail (i.e., they cannot be compressed anymore). One can see that AMOS Il can
automatically adapt its height when its legs are driven by M1 and M2.

Figure 7 BExperimental setup

Joint (J2) 4

Body Static Loads

Notes: (a) AMOS Il leg where the FTi- and CTr- joints are driven by two pairs of M1 and M2. The other legs having the same
setup are not shown. L, and L are the lengths of the links. L} and L2 are the lengths of M1 and M2 that drive the CTr joint. (b)
AMOS Il experiment with a static load (see texts for details)

In Figure 8, we demonstrate that the legs of AMOS Il show less contact force when its joints are driven by M1 and M2,
compared with legs having only passive springs. We empirically adjusted K and D of M1 and M2. Setting the stiffness and
damping coefficients of M1 and M2 to K = 0.8and D =0.01, this results in less contact force (see D = 0.01 in Figure 8). Setting the
stiffness and damping coefficients of M1 and M2 to K = 0.8 and D = 0.01, this results in less contact force (see D = 0.01 in Figure
8). This is because this parameter setup generates proper compliance allowing AMOS Il to adapt its body height equally to the
height ofthe supporters (see Figure 7 (b)). Thus, AMOS Il and the supporters share the load of the board. These values also make
the joints of AMOS Il achieve more stable motions (i.e., faster joint stability) compared to the other parameter sets. On the other
hand, setting the stiffness and damping coefficients of M1 and M2 to K = 0.8 and D = 0.05 results in stiffer legs (i.e., less
compliance) pushing the body against the load (see D = 0.05 in Figure 8). Setting K =0.8and D =0.001 leads to springy legs (i.e.,
unstable joint motions). Thus, this give rise to more bouncing body movement of AMOS II, therefore leading to variation of
contact force (see D = 0.001 in Figure 8).

The agonist M2 of the CTr- joint shows the similar force-length loop as the agonist M2 in Figure 5 (c) when K and D of M1
and M2 aresetas: K =0.8, D = 0.01. M2 here starts shortening for resisting the mass of AMOS Il before receiving the static load.
M2 initial lengthis equal to 0.085 (m) (see O in Figure 9). M2 of the CTr- joint here acts as a spring.

Figure 8 Contact forces arise from a static load
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Note: Contact forces are recorded from the foot contact force FC,. We set the stiffness coefficient K in Eq. (3) to 0.8. After
AMOS Il is imposed with the static load, the legs with M1 and M2 show less contact force than without M1 and M2. Moreover,
the legs of AMOS Il showstable motion with less contact force when stiffness and damping coefficients of M1 and M2 are set as:
K=0.8and D =0.01

Figure 9 The force-length loop of M2 of the CTr- joint of AMOS II
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Note: Here the stiffness and damping coefficients K and D of M2 are set to: K = 0.8, D = 0.01. Its force-length loop starts with
resisting the mass of AMOS Il by shortening (i.e., M2 initial length is 0.085(m)). The point O is the starting point of the M2
force-length loop

3.2 Variable Joint Stability with Dynamic Loads
The experimental setup of M1 and M2 of AMOS Il here is similar to that shown in Figure 7 (a). However, instead of a static
load, dynamic loads were applied here, i.e., hand pushing and holding.

The FTi-and CTr- joints of AMOS Il achieve variable stability with different damping coefficients D of Eqg. (3). Forexample,
all CTr- joints start resisting the mass of AMOS Il by changing the lengths (i.e., L}) of their M1 (see "R" region in Figure 10). The
CTr- joint stability can be measured by the length L}, since Lkis proportionalto the CTr- joint angle 8, .

Figure 10 Joint stability with dynamical loads
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Notes: Here we set the stiffness coefficient K in Eq.(3) to 0.8. The dynamical loads are randomhand pushing P;(i € [1,8]) and
holding H, . Stability of the CTr- joints varies over different damping coefficients D. (a) D =0.05. (b) D =0.01. (c) D =0.001

The CTr- joint motions vary with different damping coefficients D when receiving hand pushing P, (i € [1,8]) and holding H,
(see Figure 10 (b)). The CTr- joints achieve faster joint stability when their stiffness and damping coefficients Kand D are setto K
= 0.8, D = 0.05 (see the time of the CTr-joint stability: t;, < t, < t3). In addition, variable 'stiff/'soft" interactions can also be
achieved by tuning the damping coefficients D. These diverse interactions include unexpected hand pushing, heavy imposed
loads, and vertical AMOS Il dropping. 'Soft' here means joints do not resist against external loads (i.e., compliance). 'Stiff' here
means joints largely resist against external loads (Pratt, 2002). Therefore, the VAAM facilitates AMOS Il interactions with
different conditions.

5. Discussion

Most of the relevant discussion points had been treated in the above sections. Here, we briefly discuss only some remaining
issues concerning different controllers (i.e., force/torque control) in comparison to our controller.

When confronted with perturbations (e.g., hand pushing), robots should be able to behave compliantly in order to protect
themselves from damages. In addition, they should also be able to return to an original posture when the perturbation disappe ars
(i.e., push recovery). Several works have employed different controllers to generate push recovery in their robotic systems. For
example, Stephens and Atkeson (Stephens et al., 2010) developed a predictive model relying on force/torque feedback on each
joint of a humanoid robot where each joint is driven by a hydraulic actuator. The model allows the humanoid robot to perform
push recovery, thereby stabilizing its body after perturbations are applied. Havoutis et al. used virtual model control for a
quadruped robot (i.e., HyQ) which is a fully torque-controlled hydraulically actuated robot. His virtual model controller relies on
force/torque feedback on each joint of the robot (Havoutis et al. 2012).

In contrast, the presented VAAM only relies on force sensing at the end effector of each leg rather than force/torque feedback
on each joint. It also allows our hexapod robot to perform push recovery with variably compliant motions. Variable compliance
can be simply achieved by adjusting the damping parameter of the VAAM. This achievement differs from co mpliance controlthat
results from contact and vibration mechanics of braided pneumatic actuators (BPAs) (Caldwell et al., 1993). However, such
BPAs mechanisms make robots more bulky and mechanically complex (Kingsley et al.,2006), which are difficult to be applied to
small legged robots. Besides, the push recovery ofthe hexapod robot does not depend on hydraulic actuators instead here standard
servo motors were used, one motor for each joint. We would like to also emphasize that the presented joint control mechanism
based on the VAAM shows muscle-like functions.

In future work, we will apply a modular neural network (Manoonpong et al., 2008) where neural outputs of the network will
control muscle activations as active elements. In addition, learning mechanisms will be applied to automatically adjust VAAM's
parameters for generating proper compliant locomotion with respect to different terrains. This will enable AMOS I1 to efficiently
and naturally traverse through different terrains.
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