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Implementation of Basic Reflex Functions on
Musculoskeletal Robots Driven by
Pneumatic Artificial Muscles

Ryu Takahashi*“, Yanlin Wang *“, Junqi Wang

Abstract—Musculoskeletal robots hold significant potential for
the design of future robots. One of the challenges is the possibility of
output delays from the muscles, which may prevent higher centers
from compensating during sudden disturbances. The reflex system,
widely observed in animals, is viewed as an efficient mechanism
for overcoming this challenge. Specifically, the Ia and Ib reflex
pathways, as the sensory pathways originating from muscle sensory
receptors, are considered to contribute to the responsiveness and
convergence of the feedback system with the dynamics of the mus-
culoskeletal body. In this study, we propose a basic reflex system
that can be implemented into a robot arm driven by pneumatic
artificial muscles (PAMs) and investigate its effectiveness through
two experiments: a sudden force shock and a position constraint.
The results demonstrate that the reflex behavior is capable of
reducing the impact of disturbances, with the Ia reflex pathways
providing an immediate response to disturbances and the Ib reflex
pathways curbing excessive output force.

Index Terms—Biomimetics, humanoid robot systems, soft robot
applications.

I. INTRODUCTION

USCULOSKELETAL robots inspired by human mus-
M culoskeletal structures have been studied and developed
for many years [1], [2], [3], [4]. Their flexible and redundant
structure offers a desirable degree of adaptability to unstruc-
tured environments, a feature that is absent in traditional motor-
driven robots. Pneumatic Artificial Muscles (PAMs) are the most
widely employed actuators for these types of robots, due to
several advantages including the high power-to-weight ratio,
inherent compliance, and close similarities with the kinematics
of natural skeletal muscles [5], [6], [7], [8], [9].

On the other hand, like human muscles, PAMs have a large
output delay relative to electric motors. If a sudden disturbance
impacts the PAM-driven robot and the motion trajectory is

Manuscript received 13 September 2022; accepted 27 January 2023. Date
of publication 15 February 2023; date of current version 21 February 2023.
This letter was recommended for publication by Associate Editor Y. Peng and
Editor X. Liu upon evaluation of the reviewers’ comments. This work was
supported in part by Osaka University Humanware Innovation Program (HWIP).
(Corresponding author: Ryu Takahashi.)

The authors are with the Graduate School of Engineering Science, Osaka Uni-
versity, Osaka 565-0871, Japan (e-mail: takahashi.ryu@arl.sys.es.osaka-u.ac.jp;
wang.yanlin@arl.sys.es.osaka-u.ac.jp;  wang.junqi@arl.sys.es.osaka-u.ac.jp;
jlang.yelin@arl.sys.es.osaka-u.ac.jp; hosoda@sys.es.osaka-u.ac.jp).

This letter has supplementary downloadable material available at
https://doi.org/10.1109/LRA.2023.3245403, provided by the authors.

Digital Object Identifier 10.1109/LRA.2023.3245403

, Yelin Jiang

, and Koh Hosoda ¥, Senior Member, IEEE

Fig. 1.

Experimental setup of the musculoskeletal robot arm.

corrected by a high-level controller such as the brain, the impact
of the disterbance may persist over time and result in damage
to the system. Previous research has primarily centered around
streamlining the control architecture through the incorporation
of well-designed musculoskeletal bodies and the utilization of
feedforward controllers [10], [11], [12], [13]. Among the studies
that have addressed the controllers for PAMs, proposals have
been made for adaptive control [14], [15], [16], [17], energy-
based control [18], and bio-inspired neuromuscular control [19],
[20], [21], however, none of these methods have yet proven
effective in producing an immediate response to reduce the
impact of disturbances.

It is widely recognized within the human and animal neural
systems that sensory information obtained from muscle spindles
and Golgi tendon organs (GTOs) plays a crucial role in gener-
ating spinal reflexes that counteract disturbances [22]. The Ia
sensory pathways originating from muscle spindles are related
to stretch reflexes, and are capable of immediately responding
to sudden change in muscle length. Meanwhile, the Ib sensory
pathways originating from GTOs are related to autogenic in-
hibition reflexes, and they possess the ability to inhibit muscle
activity in response to excessive muscle tension [23], [24], [25].
The integration of these sensory pathways into a PAM-driven
robot is expected to enable the robot to be adaptable to diverse
disturbances.

The objective of this study is to incorporate two distinct types
of reflex pathways in a musculoskeletal robot, to detect muscle
sensory information and thus reduce the negative impact of
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disturbances. We developed a musculoskeletal robot arm pow-
ered by PAMs and equipped with biologically-inspired sensors
(corresponding to muscle spindles and GTOs [26], [27]). The
system was structured to imitate Ia and Ib sensory pathways and
translate the output of these sensors into activation patterns of the
PAMs. We experimentally evaluated the functional efficacy of
these reflex pathways under the two scenarios: 1) the application
of unexpected force shocks to the robot arm and 2) the encounter
of an immovable obstacle in the robot’s trajectory.

II. ROBOT DESIGN
A. Biological Foundation

In the neural reflex system, there are two pathways: the Ia
pathway, which is innervated by muscle spindles, and the Ib
pathway, which is innervated by Golgi tendon organs (GTOs).
In this work, we refer to the former as the Ia reflex pathway
and the latter as the Ib reflex pathway. In the Ia reflex pathway
(Fig. 2(a)) when the muscle spindles are stimulated, the la
afferent nerve fibers from this muscle innervate directly the
« motor neurons of the same muscle, leading to its contrac-
tion [28]. This mechanism constitutes a stretch reflex, preventing
the muscle from excessive lengthening. The Ia fibers not only
excite the motor neurons innervating the same (homonymous)
muscle, but also those innervating other (heteronymous) muscles
with similar mechanical actions. The Ia fibers also establish
inhibitory connections with the o motor neurons innervating
antagonistic muscles through the Ia inhibitory interneurons.
This disynaptic inhibitory pathway is the basis for reciprocal
innervation, where the stretching of a muscle results in the
relaxation of its antagonists [29]. Muscle spindles are typically
stimulated when the muscle is stretched rapidly. The sensory
receptor for the Ib reflex pathway is the Golgi Tendon Organ
(GTO), which detects muscle tension information (Fig. 2(b)).
Upon stimulation of the GTO, the afferent Ib neuron is acti-
vated, establishing synapses with both inhibitory and excitatory
interneurons within the spinal cord [30]. The inhibitory interneu-
ron mediates autogenic inhibition of the stimulated muscle,
while the excitatory interneuron elicits reciprocal excitation of
the antagonist muscle. y movements during which the muscles
may contract together to overcome external force depending on
tasks [29].

B. Bio-Inspired Sensors

In the following sections, we will describe the artificial muscle
spindle and GTO sensors, which are the essential components
to realize the reflex behaviors in the experiments.

1) Muscle Spindle Sensors: Our previous researches have
developed a cost-effective external inflation sensor that does not
change the actuator’s shape or flexibility [26], [27]. The sensor
was made with a conductive stretchable fabric (LTT-SLPA-20 K,
EeonTex) that changes the resistance upon stretching. This
kind of material has a resistance around several thousand {2
over a 1 cm span. It is designed to be warped around the
PAMs (Fig. 3(a)). The fabric sensor lengths change with the
circumference of the PAMs, contracting with muscle deflation
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Fig. 2. Biological reflex pathways [29].
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Fig. 3. Bio-inspired sensors.

and stretching with muscle inflation. The high elasticity of
the fabric allows sensors to be able to stretch and contract
almost synchronously without damaging the muscles. Through
the evaluation experiments in our previous research [27], we
have concluded that the feedback provided by our fabric sensor
is sufficient to indicate the degree of PAM’s inflation and detect
sudden disturbances.

2) Golgi Tendon Organ Sensors: When the PAM is inflated,
it generates radial expansion along with the axial contraction
and thereby exerts a pulling force on the load. The force
and motion thus generated by this type of actuator are lin-
ear and unidirectional. For measuring it, a tension sensor on
the axial direction of PAM is required. The position is be-
tween the PAM and the link actuated by it. In this system,
we used foil strain gauges (KFP-5-120-C1-65L1M2R, Ky-
owa Electronic Instruments Co., Ltd) to convert the applied
tension into an electrical signal. This thin film strain gauge
was attached to the surface of a 3 mm polyoxymethylene
(POM) board. Then we used fishing line to connect it to the
PAM.

C. Mechanical Setup and Hardware Construction

We designed and built a one-joint-arm setup for testing the
performance of control strategy, which is essentially an inverted
pendulum actuated by a pair of antagonistic PAMs (Fig. 1).
Both PAMs had one side fixed on the baseboard and the other
side fixed on the linear sliders, which served to constrain the
movement of PAMs straightly in the desired direction. The two
muscle spindle sensors were wrapped in the middle of our two
antagonistic PAMs respectively. Every PAM was connected with
a tension sensor via fishing line, then connected to the inverted
arm. Because these sensors were hand-crafted, there were large
individual differences in sensor values. They have the common
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Fig. 4. Schematic diagram of the control system.

output features, which can be addressed by adjusting the gain
parameters. We automated the calibration process using the
specialized equipments such as the externally mounted digital
strain gauge. Besides, an angle encoder is attached on the joint
for measuring the angular displacement.

III. DESIGN OF SENSORY FEEDBACK SYSTEM

The proposed control system (Fig. 4) is based on the neural
reflex method with a hierarchical structure [31]. A pattern gener-
ator is implemented as the high-level controller, and three types
of movements are designed for this robot system: static states,
reaching motion, and rhythmic oscillation, which can be selected
prior to the program execution. The reflex system is configured
as the low-level controller, and the physical system, including
the sensors and the PAMs, is configured at the lowest level. The
response of the low-level controller depends on the type and
intensity of the stimulus received, resulting in the appearance
or suppression of reflex units as appropriate. While hardware
limitations prevent the system from being an exact replica of the
human reflex system, our aim is to qualitatively imitate the neural
reflex mechanism and generating the effective reflex behaviors
for the PAM-driven robot system. The sensors operate with a
sample rate of 100 Hz. The command frequency of the system
is much faster than 100 Hz, which is dependent on the operating
system of the microcontroller.

The sensory signal from the embedded muscle spindle sensor
is shown by the internal differentiator outputs dR/dt, which
indicates how fast the PAM is stretched. This signal is sent
to an event trigger based on the deadband in the low-level
controller. The Ia reflex pathway is activated when the stretch
speed dR/dt of one muscle exceeds the preset threshold vgye,
and the corresponding PAM contracts and the antagonistic
PAM is relaxed. vy is set to 10 k€2/s in the current config-
uration. The relaxation of the antagonistic PAM leads to an
increase in R and dR/dt, which should not be interpreted
as a stretch stimulus since it is not caused by any external
stimulus. Hence, the low-level controller blocks the activity
of reflex units directed towards the antagonistic PAM for the
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duration of the response, thereby guaranteeing the mutual exclu-
sivity of each reflex pathway process and avoiding unintended
oscillations.

The sensory signals from the GTO sensors are converged by
the low-level controller and then calibrated using two constants
k and b to eliminate the difference in linear expansion coefficient
and initial resistance between the two tension sensors with the
following equation:

AF =F, —kFy+b (1)

The subscripts 1 and 2 in the variables indicate the left and
right antagonistic PAMs, respectively. Each tension value is
expressed as F; and Fy, and AF represents the relative tension.
The current system is operating with k at 0.56 and b at 6200.
AF equals to zero in equilibrium. A F' is the difference between
the two muscle tension and can take either the positive or the
negative value. Once |AF| is greater than the preset threshold
finre> Which is the calibrated value of the output voltage of
the tension sensor, the low-level controller would activate the
reflexes on the Ib reflex pathway for the PAM, performing as
relaxation of PAM that is bearing higher tension and excitation of
opposite PAM for coordination. fy. are set to 1 V. The sensory
information from the low-level controller and the descending
commands from the high-level controller converge to the output
of the final motor command. This process is similar to that of
« motor neurons in the human spinal cord. In a robotic system,
the motor command is determined according to the following
equation:

Py = Ppi + AP excit — AP inhi2 — AP inhit + A Pib exci2
2)

Py = Py + APry exci2 — APrainhit — APib, inhi2 + A Pib excil
(3)

Py are the target air pressure of the PAMs. P, and Py, are
the descending motor commands from the task planner. They
are sent to the PID controllers, which adjust the proportional
valves so that the air pressure of the PAMs are tracking them.
APra excis APrainhi, AP inhi and APy, exei are the stretch
reflex excitation, the reciprocal inhibition on the Ia pathway and
the autogenic inhibition, the reciprocal excitation on the Ib path-
way, respectively. The reflex units have a total of 8 parameters for
the excitation and inhibition of the Ia and Ib in the two muscles.
For the simplicity, we used the same values for 1 and 2, excitation
and inhibition, and summarized them into 2 constants. In other
words, kTa excil» KTa,inhil» KTa,exci2> FTa,inhi2 are summarized into
Fra, and K1y exci1s Kbinhil> KTb,exci2s Kb inhiz are summarized
into ky,. In Fig. 4, the reflex units to distinguish the excitation
and inhibition are excluded. The response of these reflex units
are calculated by the following equations:

APy = ki - dR/dt o)
APy = ki - (AF — finre) )

The parameters used in this control system are listed in Table I.
These parameters were empirically determined.
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TABLE I
PARAMETERS OF THE REFLEX UNITS

Parameter  Definition Value (units)
kia Constant for Ia reflex pathway 1/80000
kb Constant for Ib reflex pathway 1/300
Vthre Threshold for stretch speed 10 (k2/s)
Sthre Threshold for muscle tension 1(V)

k Constant for calculating AF 0.56

b Constant for calculating AF' 6200

IV. RESULTS

The two reflex pathways described above share the goal of
protecting the body, but their characteristics are contrasting: the
Ia reflex pathway works for the immediate excitation and the Ib
reflex pathway works for the gradual inhibition. It is not clear
how these reflex pathways coexist in the human neral system.
Here, we experimentally demonstrated the function of each
reflex pathway by exploring scenarios in which each pathway
works effectively. We thus designed three experiments under
different conditions. Firstly, we confirmed that the robot was
capable of producing the basic movements without disturbances.
Secondly, the robot was applied to unexpected force shocks. We
verified that the responsiveness of the stretch reflex, elicited by
the Ia reflex pathways, to the disturbance. Finally, the robot arm
encountered an immovable obstacle before reaching the target
position. We verified the efficacy of the autogenic inhibition
elicited by the Ib reflex pathways could prevent the robot from
continuing to apply force against the obstacle. It is important to
note that each reflex pathway was individually evaluated.

A. Free Movements

We set the task planner to sending sinusoidal commands to the
PAMs. The cycle rate was set to 3 s. The robot system is supposed
to oscillate on a sinusoidal basis by actuating the PAMs without
any disturbance. Sensor signals were continuously sampled in
the process to check whether they correctly reflected the system
status. The following experiments are conducted with a sampling
rate of 100 Hz. The joint angle is positive at the left side and
negative at the right side. The commands of the two PAMs had a
phase shift of 7 to generate oscillation movement. Fig. 5 shows
that the all signals change with the oscillation of the joint angle.
The system was able to move the robot arm smoothly and the
sensor responses to the movements were as expected.

B. Immediate Response Against Disturbances

A pendulum with load 1 kg was placed over the robot system.
The pendulum length was 30 cm and the falling angle was set
around 45° for ease of the observation. When the load was
released, it impacted the robot arm, inducing a displacement
in the joint angle. The force shocks were applied five times in
a row in one experiment without interference between them.
The Ia reflex pathway of the stretched PAM was stimulated and
the PAM contracted. As shown in Fig. 6(b), the desired reflex
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Fig. 6. (a) Experimental setup for force shocks. (b) The expected response in
the robot system.

response was to counteract the force shock and to reduce the
negative effect of the force shock as quickly as possible.

We hypothesized that the reflex response could decrease the
angular displacement caused by the force shock. Two groups
of experiments, with and without the Ia reflex pathways, were
conducted. Fig. 7(a) plotted the sensor signals with the Ia reflex
pathways. All the signals remain in the steady state before the
collision. When the collision occurs, the stretch speed dR/dt
of the left PAM immediately increases and exceeds the thresh-
old vgre. As a result, the target air pressure of the left PAM
increases, the target air pressure of the right PAM decreases,
and the reflex behavior is generated. The low level controller
takes around 40 ms to detect the stimuli. To make the PAMs
work effectively against the disturbance, the system keeps the
reflex command for 200 ms, considering the output delay of
the PAM. The reflex behavior passively stretched the right PAM
and its d R/dt also increased rapidly. The increase is larger than
the left-hand side, but is ignored by the system as described
above. The Joint angle was rotated to the negative direction
by the force shock and then rotated to the opposite directions
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by the reflex response. Finally, the joint return to the middle
position. The results in Fig. 7(b) show what the original response
would be without the Ia reflex pathways. It can be seen that
there is a slight pressure fluctuation in the left PAM due to
the shock. The PID controller is controlled to maintain the
air pressure in both PAMs at 0.25 MPa. As for the angular
information, it shows a uniform angular displacement for each
shock.

We compared the joint angles in two cases with and without
the Ia reflex pathways to investigate how they affect the robot
behavior. Fig. 8(a) shows the detailed plots of how the robot
responds to a force shock over one second periods. It can be
seen that the robot with the Ia reflex pathways could reduce the
angular displacement compared to that of the robot without it.
Fig. 8(b) compares the angular displacements of both robots,
which are 25.58 and 21.18, respectively. This means the reflex
reduced the angular displacement by 17.2%. On the other hand,
following the reflex behavior, there was a large recoil in the
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Fig. 8. (a) Detailed angular displacements are shown as the mean of the
20 trials with the 95% confidence intervals. The blue line is the joint angle
with the Ia refrex pathways and the orange line is without it. The vertical red
line indicates the timing when the controller detects the stimulus. the average
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Comparison of the angular displacements with and without the reflex are shown
as the mean with the = 2 SD error bar. The angular displacement with the reflex
decreased 17.2% than that without it.

positive direction. The reason is that the gain Kj, was set
large enough to allow for the reflex behavior to be sufficiently
responsive. It occurs in humans as well, for example, when
the patellar tendon reflex that is triggered by a sharp tap just
below the knee is overactive in response to stretching the patellar
tendon. From the perspective of classical control theory, it is
natural to assume that the system becomes oscillatory when the
responsiveness increases, and an additional factor is required to
reduce this recoil. The Ib reflex pathways, discussed in the next
experiment, have the ability to inhibit the output of the muscle
and could be the candidate for the factor. In human neural system,
the Ia and Ib reflex pathways may compensate for each other’s
characteristics, such as P-gain and D-gain in PID control. The
results also show a considerable latency around 90 ms until the
joint starts moving back from detecting stimuli. The response of
this system is relatively slower than the human reflex response
(around 50 ms [32]). This is caused by the larger output delay
of PAMs than that of human muscles.

C. Autogenous Inhibition Against Positional Constraints

A robot operating in a reak environment has the opportunity to
face ummobile obstacles on their motion trajectory. If the robot
continues to drive the actuator against the position constraint
(Fig. 9(a)), the contact force will increase and the robot might
be broken. It is expected that the autogenic inhibition by the Ib
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Fig. 9. (a) Experimental setup for a position constraint. (b) The expected
response in the robot system.

reflex pathway could work to stop the robot without forcing it
to continue the motion.

In this experiment, the task planner was designed to be moving
from the right side to the left side, and the obstacle is placeed
between left side and middle position of robot arm. The low-level
controller was monitoring whether the relative tension |AF|
exceeded the threshold, and the excessive tension AF — fipe
was innervated through the Ib reflex pathway according to the
polarity. The reflex behaviors should contain the contraction of
the primary actuating PAM and the expansion of the other PAM
as shown in Fig. 9(b), resulting in a decrease or disappearance of
the contact force. The reflex response lasted for 200 ms, which
was the same as the duration of the Ia reflex response. In this
research, the post reflex status was designed to be keeping the
static state.

Fig. 10(a) shows the related sensor signals during the work-
ing process. The robot starts contacting with the obstacle at
around 2.1 s, which is marked by a vertical red line. Then,
we could observe that the relative tension AF' starts increas-
ing. At around 2.9 s marked by a vertical green line, AF
reaches the threshold. Then, the left PAM starts deflating and
the other PAM starts inflating, and the relative tension de-
creases to around zero. In the system without the Ib reflex
pathways, the relative tension continues to increase after the
contact with the position constraint (Fig. 10(b)). This response
prevents the robot from continuous driving, releases the contact
force between the robot and obstacles. The results showed
that the Ib reflex pathway worked on inhibiting the internal
muscle output and could contribute to protecting the robot
itself.

V. CONCLUSION

This study proposed a basic reflex system implemented into
arobot arm driven by pneumatic artificial muscles (PAMs). The
control architecture is based on the human neural system, which
consists of a high-level controller to generate the motion patterns
and alow-level controller to generate the reflex behaviors against
disturbances. Through the three experiments, we verified the
basic operation of the task planner without disturbances, the
responsiveness of the Ia reflex pathways to force shocks, and
the autogenic inhibition of the Ib reflex pathways to a position
constraint. When the robot was subjected to a force shock, the
reflex behavior effectively reduced the angular displacement.
This effect has not been achieved with the previous PAM-driven
robots. For a positional constraint, the robot detected the contact
with an obstacle by the Ib reflex pathways and showed a response
to inhibit the motion.
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It might seem that excitatory Ia and inhibitory Ib reflex path-
ways have opposing features, and it was not clear in neuroscience
how they coexist. In this letter, we demonstrated the feature
of each reflex pathway by considering individual scenarios in
which each pathway is effective. This allowed us to investigate
the qualitative properties of each reflex pathway, even when
the control parameters used in the experiments were different
from those in the living system. The question of how to add
(or subtract, or time-delayed responses) will become an issue
in more complex scenarios where both pathways work, but this
is envisioned as a future research roadmap. In this scenario, we
plan to devise a way to use control parameters that are similar
to the living system. We take into account the measurement of
contact forces produced at the point of impact, to demonstrate
clearly that the reflex behavior can avoid the damage on the
robot and the surrounding environment. Additionally, it is easy
to imagine expanding the low-level controller of this system by
assembling a network of reflex pathways and applying it to arms
and legs with more complex structures. This is expected to im-
prove the adaptability of the musculoskeletal robot in its various
motions.
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