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I. INTRODUCTION

The estimation of the forces produced by muscles is an
aspect of great interest in several fields, e.g., rehabilitation,
human-machine interface and sports, where it is pivotal to
estimate the muscle forces produced by the human biome-
chanics control system. Since muscles are the engines of
human motion, the scientific community is actively involved
in studying methods to model muscles in order to simulate
human motions [1]]. In our preliminary study, we built a
computational model for the contraction dynamics estimation
of three muscles of the lower leg (tibialis anterior, gastrocne-
mius lateralis, gastrocnemius medialis). Acquisition data have
been gathered by using the iFeel technology (IMU nodes
and sensorized portable shoes) developed by the Artificial Fig. 1. Lower leg muscle modeling.
and Mechanical Intelligence (AMI) of the Italian Institute of
Technology (https://ifeeltech.eu) and a off-the-shelf system of
surface electromyography (EMGs). The architecture has been Joint angle S MUSCULOTENDON
implemented on the middleware YARP [13] for both the in- . velocity —— KINEMATICS
lab sensors and the EMGs tool (https://github.com/ami-iit/ S
yarp-devices-bts-freeemg). Length l Velocity
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II. LOWER LEG CONTRACTION DYNAMICS MODELING

Musculotendon

CONTRACTION DYNAMICS force
FMT = fa,a,1MT,oMT, f47) Fur

We consider three lower leg muscles: tibialis anterior,
gastrocnemius lateralis and gastrocnemius medialis, Fig. [I]
Muscle elements have been added into the human URDF- Muscle
format model implemented in [2] usig a model-generator activation | @
tool (https://github.com/ami-iit/human-model-generator) that
includes skeletal and muscular properties. A contraction dy- gy sgnal ,|  ACTIVATION DYNAMICS
namics computational pipeline has been built for both the u a= f(u,a)
muscles (M) and the tendons (T), i.e., a musclulotendon (MT)
complex of the lower leg and modeled by a block framework Fig. 2: Musculotendon (MT) contraction dynamics pipeline.
(301 (4] (501 (6]l [7]l, Fig. m The pipeline runs per each muscle
and each block represents a different process that actively
contributes to the muscle force production, as follows.

o The musculotendon kinematics (Block 1) represents the
kinematics of the MT complex. The block computes the
length M7 and the velocity v of the complex, given
lower leg joint angles s and joint velocities s readings
from wearable iFeel IMU sensors.

o The activation dynamics (Block 2) represents the pro-
cess from muscle excitation to activation [8] given the l
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Fig. 3: Hill-type model for musculotendon complex.
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Fig. 4: Contraction dynamics estimation during three consecutive repetitions of a dorsiflexion/plantarflexion task for tibialis anterior,

gastrocnemius lateralis and gastrocnemius medialis, respectively.

EMGs readings. It approximates the composite biochem-
ical relation between muscle neuronal stimulation w and
muscle activity a by a first order differential equation [9],
such as

a= f(u,a) = <(u c1) +02>(u7 a) , (1)

where c; and co are time constants taking into account
the activation time 74c7 for buildup of activation when
the muscle is fully excited (i.e., v = 1) and the deacti-
vation time TpgacT for relaxation when the muscle is
deactivated (i.e., u = 0), i.e.,
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o The contraction dynamics (Block 3) represents the
process from activation to force production. The muscle
dynamics is characterized by a Hill-type model, Fig. 3]
It consists of three main components: ) the contractile
element (CE) responsible of the active force generated
by the muscle; ii) the parallel elastic element (PE)
responsible for the passive elastic properties of the muscle
fibers, #i¢) the serial elastic element (SE) representing the
elasticity of the actin-miosyn crossbridges that captures
the elastic properties of the tendon and the aponeurosis
. The overall complex force M7 can be written as
a composition of forces related to lenght IM7, velocity
oM™ and modulated by activation a [3] [11], such that

FMT = (o R FEPRE + R LR ) cosa, (3)

where, F(fVI is the maximum isometric muscle force,
FCE and F‘(,JE represent the force-length and force-
velocity relationships of CE, respectively, and FE¥ is
the force-length relationship of PE. Angle « represents
the pennation of the muscle, i.e., the angle between the

direction of fibers and the direction of the line of action of
the muscle (tabulated data in [[12] for lower leg muscles).
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Fig. 5: Real-time visualization of lower leg muscle force estimation
during a plantarflexion (on the left) and a dorsiflexion (on the right).
The red colour of the line (i.e., the muscle) represents a higher level
of contraction, the grreen colour a lower level of contraction.

IITI. EXPERIMENTAL APPLICATION

A healthy subject equipped with wearable distributed sen-
sors (iFeel IMU nodes to detect human kinematics, a pair of
portable sensorized force/torque shoes to detect the external
forces exchanged with the ground, a wireless set of surface
electromyography probes to detect muscle activity) performed
a simple dorsiflexion/plantarflexion task. Equation [3] has been
computed in real-time during the task. Figure [] shows the
estimated forces of tibialis anterior, gastrocnemius lateralis
and medialis muscles during three consecutive repetitions
of a dorsiflexion/plantarflexion trial. During plantarflexion,
the gastrocnemii contract and their force is higher than the
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tibialis force. Dorsiflexion, on the other hand, leads the tibialis
anterior to contract and its force to increase more than the
gastrocnemii.

A pivotal outcome of the paper is represented by the pos-
sibility to visualize in real-time the muscle forces estimation
for pipeline in Fig. 2] Figure [5] shows two motion frames of
a real-time visualization during the dorsiflexion/plantarflexion
task. Lines attached to human links represent the muscles
and their colour depends upon their activation and force
production (i.e., red colour means higher contraction than
green). A new YARP-based module has been added to the
software architecture already presented in [[14]]. Overall, this
boosted architecture allows for the real-time and simultaneous
1) readings of the sensors, i7) human whole-body kinematics
and dynamics estimation and 4i7) muscle contraction dynamics
estimation and visualization. Furthermore, the software tool
modularity paves the way for the force estimation of all the
muscles in the body and it is a fundamental step towards the
estimation of the human whole-body joint torques.
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