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Real-Time Tendon Strain Estimation of Rotator-Cuff Muscles during
Active Robotic-Assisted Rehabilitation
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Abstract—In this research, we propose a novel method
to estimate and monitor rotator cuff tendon strains during
active robotic-assisted rehabilitation. Physiotherapists are
conservative in the rehabilitation treatment to prevent
(re-)injury because they do not know the internal state of the
shoulder. By leveraging a robotic device and a musculoskeletal
model, our approach provides quantitative information on
the risk of re-injury by monitoring the rotator cuff tendon
strains. These strains are influenced by the shoulder state and
muscle activation, making it crucial to obtain physiologically
realistic data on real-time muscle function. To address the
muscle redundancy problem, we have developed an innovative
algorithm that incorporates constraints on the accelerations,
the glenohumeral joint, and the active muscle dynamics. The
algorithm’s effectiveness was validated through comparisons
with electromyography (EMG) measurements. Additionally, we
demonstrated the proposed approach using a collaborative
robot arm during rehabilitation exercises. The results of our
study have yielded new insights into the relationship between
the rotator cuff muscles, external forces, and shoulder pose.
The findings of our research pave the way for establishing
improved therapy that considers the risk of injury to individual
muscles and explores a broader range of motion. By providing
physiotherapists with valuable quantitative information on
rotator cuff tendon strains, our method empowers them to
optimize rehabilitation protocols and deliver more personalized
and effective care.

I. INTRODUCTION

Disorders of the upper extremity have been reported in 4%
to 35% of the general population [1]. Especially the shoulder
complex is one of the most common sites for musculoskeletal
disorders, with it being the third most common site of pain in
the human body [2]. Most of the shoulder complaints (70%)
can be attributed to disease of the rotator cuff muscle-tendon
units [3]. The rotator cuff complex is comprised of the
infraspinatus, supraspinatus, subscapularis, and teres minor
muscles. Typical rotator cuff disorders are subacromial pain
syndrome and (partial) tendon tears. Tearing of the rotator
cuff tendons results primarily in pain and a restricted range
of motion of the upper limb. As such, these injuries may
result in the inability to perform work in addition to many
daily living tasks [4]. Tearing of the rotator cuff tendons
has degenerative characteristics, resulting in over 50% aged
60 or older suffering one or more tears [5], [6]. Repetitive
overhead activities during work or sports also increase the
risk of rotator cuff tears [7]-[9].

Rotator cuff tears are typically treated with either
physiotherapy directly or are first surgically repaired,
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followed by physiotherapy. Effective rehabilitation after
surgery is necessary to prevent shoulder joint stiffness,
regain range of motion and limit the risk of re-tearing
[10]. Regardless of the treatment type, rehabilitation will
be time-intensive. Even though rehabilitation should show
clinically significant results after twelve weeks [11], patients
might be instructed to continue home exercises for as long
as six months to a year [12], [13].

The exercises used in conventional rehabilitation programs
are often single-degree-of-freedom motions. By only using
these exercises, rehabilitation is conservative in the utilized
range of motion. Rehabilitation has been limited to
these conservative exercises due to the complexity of
the shoulder joint and a lack of quantitative insight
into the risks of re-tearing, even when assisted by an
experienced physiotherapist [14]. The limited range of
motion during rehabilitation can delay recovery, whereas
moving through a larger range of motion improves recovery
[15]. Additionally, current rehabilitation is labor-intensive
for the physiotherapist, treating multiple patients with
one-on-one manual therapy [16]. Moreover, treatment of
the rotator cuff is often inadequate, leaving patients with
persistent symptoms [17]. Because of that, the patient’s
ability to work and perform daily activities is limited while
placing a substantial burden on healthcare systems [1].

Several robots and exoskeletons exist for the rehabilitation
of the upper limb [18], [19]. Robotic devices can
provide high-intensity, repetitive exercises and target specific
injuries/joints. Additionally, the robot can act as a sensor,
provide force feedback, and measure joint positions,
velocities, accelerations, and torques [20]. These metrics
can be monitored objectively and reliably throughout a
rehabilitation program to assess the patient’s progress [16].

In the case of rehabilitation of rotator cuff tears,
monitoring the subject’s muscle function is of interest
to prevent (re-)tearing of the tendons. The deep-tissue
nature of the rotator cuff muscles, combined with the
complexity of the glenohumeral (GH) joint, makes it difficult
to use lab-based motion-capture and electromyography
(EMG) data to measure muscle function of the rotator cuff
muscles. Musculoskeletal modeling, in combination with
robotic measurements, could provide a physiotherapist with
quantitative information on the biomechanics of the shoulder
and rotator cuff complex.

A popular open-source software for the development
and analysis of musculoskeletal models is OpenSim [21],
[22]. A model can account for patient-specific parameters
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Fig. 1: An overview of the workflow for active robotic-assisted rehabilitation, with quantitative insights into the risk of
re-injury. The experimental data is obtained via motion capture using optical markers or shoulder joint estimates during a
human-robot interaction. The experimental data is processed to obtain the joint trajectories and external forces. The Rapid
Muscle Redundancy solver is used to find the optimal combination of muscle activations for a given trajectory. The estimated
muscle activations are validated against experimental EMG data and used to obtain the rotator cuff tendon strains. These
strains are visualized in "strain maps" and are used to visualize the internal biomechanics of the shoulder during rehabilitation.

and provide insight into the biomechanics of the human
body, such as muscle function, joint reaction forces, and
muscle-tendon lengths/strains [23]. Interpretation of the
numerous variables the model provides can be difficult
for the user, especially if the user has limited experience
with the model, such as a physiotherapist, other healthcare
professionals, or the patient. It is, therefore, necessary to
present this information in an intuitive and meaningful
manner. A metric derived from the musculoskeletal model
to assess the risk of tearing or re-injury of the rotator cuff
muscles is tendon strain.

In our previous work, we showed a way to capture
the relationship between the tendon strains and shoulder
state in the form of “strain maps” [24] and how to use
a collaborative robot to navigate those maps in real-time
[25]. These strain maps are an intuitive representation of the
rotator cuff tendon strains and can be used to minimize the
risk of re-injury of the rotator cuff tendons while maximizing
the range of motion. The incorporation of a robot in this
rehabilitation process enabled real-time feedback through the
segmentation of safe and unsafe strains. Nevertheless, these
studies are limited to passive motions by not accounting for
the influence of external forces and muscle activations on the
muscle-tendon strains.

To address this limitation, this study focuses on the
estimation of rotator cuff muscle activations to develop active
strain maps for robotic-assisted rehabilitation. Currently,
the musculoskeletal modeling software OpenSim offers
two methods to estimate muscle activations, namely Static
Optimization (SO) [26] and Computed Muscle Control
(CMC) [27]. The SO algorithm neglects the passive
contribution of muscle fibers and any time-dependent muscle
properties, such as the muscle activation dynamics, which
leads to gross simplifications in the modeled muscle function

[28]. While CMC allows for the integration of the muscle
activation dynamics, it comes at a computational cost,
making it unsuitable to use in a real-time implementation
[29].

When considering modeling of the shoulder joint, an
additional layer of complexity arises due to the instability
commonly observed in the glenohumeral (GH) joint caused
by its great mobility. The larger superficial muscles spanning
the GH joint actuate the motion of the joint, with the
rotator cuff muscles acting as the main stabilizers of the
humerus in the GH fossa. Neither SO nor CMC include
a constraint on the joint reaction forces, resulting in
possible underestimation of the contribution of stabilizing
antagonistic muscles [30].

Several studies acknowledge the importance of
considering GH joint stability and include a constraint
on the joint reaction forces in the GH joint to account for it
[31]-[33]. However, their implementations were not made
available. The Rapid Muscle Redundancy (RMR) solver is a
newly-developed open-source solver [34]. By (1) including
the constraint on the joint reaction force direction in the GH
joint, (2) accounting for passive muscle fiber contribution,
and (3) activation dynamics, it produces physiologically
realistic muscle activation estimations. Leveraging numerical
optimization at each time step avoids the computational cost
as observed in CMC.

The aim of this study is to expand further on providing
a physiotherapist with an accurate and intuitive way to
monitor rotator cuff tendon strains during robotic-assisted
rehabilitation. To achieve this goal, we leveraged the
musculoskeletal model and the RMR solver. These tools
allow us to include external forces and muscle activations
to accurately estimate tendon strains during motion. By
including these necessary elements, the active strain maps
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Fig. 2: An overview of the thoracoscapular model. (a) The
musculoskeletal shoulder model, and in red, all the actuating
muscles. (b) The rotator cuff complex, the four rotator
cuff muscles are represented by eight muscle elements;
Infraspinatus - green, supraspinatus - yellow, subscapularis -
red, teres minor - blue. (c) The glenohumeral joint, detailing
the relation between the humeral head and the glenoid fossa
of the scapula.

will provide a more complete representation of the strains
experienced by the patient. We validated the system on an
experimental data set, including motion capture and EMG
data [35]. Subsequently, the system was demonstrated and
evaluated with the Kuka LBR iiwa collaborative robot arm,
which serves as the robot physiotherapist and sensor for
external forces applied to the arm and estimator of the
shoulder state.

II. METHODOLOGY

The aims of our study can be divided into four
tasks: 1) musculoskeletal modeling of the shoulder to
obtain information on the internal biomechanics during
rehabilitation. 2) resolving the muscle redundancy problem
to estimate accurate muscle activations by considering
active muscle dynamics and the GH joint stability. 3)
visualizing rotator cuff tendon strains with maps to provide
a physiotherapist with feedback on safe ROM. 4) integration
of a robotic device to help guide a patient safely through
low-strain zones on the maps. The four tasks are summarized
in Figure 1 and described in detail in the sections
II-A-II-D. The proposed muscle redundancy solver in
Python was first validated against experimental EMG data
and the corresponding MATLAB implementation of the
muscle redundancy solver, as described in II-E. Finally, an
experiment was conducted using a collaborative robot arm
to test the complete proposed approach, combining the four
tasks needed to achieve the aim of this study (II-F).

A. Musculoskeletal shoulder model

We leveraged the multi-body thoracoscapular model
[36] and the open-source modeling tool OpenSim to
estimate how the rotator cuff muscles are affected during
shoulder rehabilitation [37]. This model is designed

to provide high fidelity and accurate representation of
the shoulder complex. The movement of the humerus
was decoupled from the scapula, allowing for precise
modeling of the shoulder motion. The shoulder complex
includes a total of four joints describing the complete
shoulder kinematics; the thoracoscapular, glenohumeral
(GH), acromioclavicular, and sternoclavicular joints. The
thoracoscapular joint has four degrees of freedom (DoFs)
and utilizes an elliptic surface to represent the thorax the
scapula can glide on. The glenohumeral joint is represented
as a three degrees-of-freedom (DoFs) gimbal joint.
Both the acromioclavicular and sternoclavicular joints are
represented as spherical joints [38]. The acromioclavicular
and sternoclavicular joints are coupled with the scapula,
reducing the DoFs of the shoulder kinematics to seven.
The model is actuated by 33 muscle elements, including
eight elements representing the four rotator cuff muscles -
infraspinatus, subscapularis, supraspinatus, and teres minor.
The musculoskeletal model, rotator cuff complex, and
glenohumeral joint are shown in Figure 2. Even if the model
is carefully constructed, the muscles cannot always generate
enough force to match the motion from experimental data
due to errors/inaccuracies in the model and/or input data
[39]. To account for these inaccuracies, reserve actuators
were added to all coordinates individually. This addition is
admissible and will still result in a realistic muscle activation
estimation as long as the forces produced by the reserve
actuators are negligible compared to the muscles.

We added a prescribed force component to the model to
represent the interaction forces and torque between the robot
and the subject. This force set acts on a fixed location at the
elbow and includes two forces and one torque component.
The force set is defined in the elbow frame; the forces act
along two axes, perpendicular to the humerus (ye and z),
and the torque is along the humeral axis (xe;). The magnitude
of the force and torque components are updated for every
time step. The addition of external forces to the model was
tested for a simple and straightforward scenario; the results
are presented in Appendix VI-A.

B. Muscle activation estimation

Due to the redundancy in muscle elements (33) compared
to the DoFs (7) of the model, a vast amount of solutions
for muscle activations that represent a given motion of the
system are possible. To cope with this problem, we developed
a novel method called RMR solver [34]. This solver
accounts for both passive muscle contributions and active
muscle dynamics to produce a more physiologically realistic
solution. The RMR solver obtains a solution considerably
faster than CMC by bypassing the forward integration and
instead leverages numerical optimization at each time step,
similar to SO. Additionally, we implemented a constraint to
account for the GH joint stability in the RMR solver.

The solver only needs joint trajectories and the external
forces acting on the subject as input. It has a cost function
on the muscle activations a; for N,, muscles and the controls
cj for N, reserve actuators to represent the biological



effort. This cost function is a minimization problem on

weighted-squared muscle activations and actuator controls

for each time step #; to retrieve the optimal combination of

muscle activations a; € R¥» and reserve actuator controls
Ny.

¢, € RYa:

Ny, Ng
J(ag,e) = Y wial+ Y vici, . (1)
i=1 =1

The weights of the muscle activation w; and actuator
controls v; are set to 1 and 10, respectively, to promote the
engagement of the muscles over the reserve actuators.

The minimization problem was subjected to three
additional constraints to ensure a physiologically realistic
solution. The first constraint was to ensure that the simulated
accelerations matched the experimental ones:

a =
Aacc,k L]Ij =q - ()

Here, G, € R are the subject’s joint accelerations due to
the active muscle contribution. §;, is obtained by removing
the influences of gravity and passive muscle forces on the
recorded experimental joint accelerations of the subject.
Element Ayccx(j,i) of Ageex € RN*NntNo) represents the
influence of a single activation/control of actuator i on the
acceleration of coordinate j.

The second constraint was on the joint reaction forces in
the glenohumeral joint. This direction of the joint reaction
forces was constrained to be within the glenoid fossa to
ensure the stability of the GH joint. The shape of the glenoid
fossa was considered circular, resulting in the following
constraint definition:

<9k(akack)>2_1 <0 3)

emax

where O € R represents the maximum allowable angle
between the joint reaction force and the glenoid center line
and is set to 20°, based on cadaver studies [40]. 6; is the
angle between the joint reaction force and glenoid center
line based on the optimization values for muscle activations
a; and actuator controls ¢;. The last set of constraints was
put on the muscle activation bounds to account for the
physiological activation and deactivation rates. A muscle’s
force generation and relaxation are dependent on the calcium
ion concentrations. The model’s muscle activation can range
between dimensionless O and 1. A value of O indicates
that no calcium is released by the muscle fibers due to
depolarization, resulting in no contraction of the fiber and no
active force produced. A value of 1 represents a maximum
release of calcium and, thus, maximum muscle contraction
and force generation. The muscle activation dynamics as
defined in OpenSim [41] can be integrated for consecutive
time-steps #; and #;_; to enforce the muscle activation
dynamics implicitly for each muscle i:

lix(aix—1) < aigx <uip(aip—1), “4)
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Fig. 3: An overview of how the tendon strain is visualized
with strain maps. This example considers the infraspinatus
inferior; it includes nine strain maps for a combination of
three different axial rotations and three muscle activation
levels. The individual maps include the plane of elevation
and shoulder elevation on the x- and y-axis, respectively.
The columns represent the strain maps for increasing muscle
activation of the infraspinatus inferior (a = 0.0, a = 0.2, and a
= 0.4). The rows show strain maps for selected axial rotation
angles (AR = -22°, AR =-2° and AR = 18°).

with the lower bound /;; and upper bound u; ; defined as:
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Tact and Tyeact are the activation and deactivation constants
and were set to 10 ms and 40 ms, respectively [41]. The
lower (/; ;) and upper (u; ) bounds were clipped if necessary
to ensure that a;; always falls within the range of [0, 1].
The RMR solver is able to find realistic solutions on par
with the currently widely-used solvers CMC and SO. As a
result of the implementation of the GH joint constraint, the
minimization problem became non-linear. Consequently, the
RMR solver employed the numerical solver approach known
as Sequential Quadratic Programming (SQP) in MATLAB.
A more detailed description of the RMR solver algorithm
and its validation against EMG data and the CMC solver
is further outlined in [34]. To facilitate the integration of
the RMR solver with a robotic device, the solver was
re-implemented in Python using the Sequential Least Squares
Programming (SLSQP) method. The SLSQP’s options do
not explicitly set a tolerance on the constraint functions.
To account for any numerical errors on the linear equality
constraint on the accelerations, a relative tolerance of +0.1%
was added to ﬁk in the acceleration constraint. The equality
constraint as defined in Equation 2 was converted to a
two-sided inequality constraint.



Fig. 4: An overview of the coordinate systems of the setup:
The shoulder frame has its origin in the center of the
glenohumeral joint (green). The glenohumeral joint DoFs
(PE, SE, and AR) are shown in red. The elbow frame (blue)
has an origin in the center of the elbow. The elbow frame
origin coincides with that of the robot’s end-effector frame

(pink).
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Values for § were tested and are described in Appendix
VI-C.

C. Strain maps

For the rehabilitation of rotator cuff tears, we use
muscle-tendon strains (€) as a metric to indicate if a shoulder
state induces the risk of (re-)tearing the tendon and is defined
as:

r—1°

£= 0 100% ®)
with /7 and [° the tendon length and tendon slack length,
respectively. The tendon strains are calculated for each
muscle element separately. These strains can be calculated
for any shoulder state and muscle activation combination.
The influence of muscle activation on tendon strains is
described in Appendix VI-B. The strain estimations need
to be combined into a simple, intuitive visualization to be
used by a physiotherapist during rehabilitation. The "strain
map" is a means to achieve this. The maps give the user a
high-resolution visualization of the tendon strain in the joint
space. Different modalities can be chosen depending on the
patient’s injury and progress during therapy. E.g., the strain
maps of all rotator cuff muscle elements can be combined
into a single strain map by taking the maximum strain for
each pose. The strain maps can also represent a single muscle
(element) to ensure safe strains for rehabilitation of a specific

muscle-tendon unit due to an existing injury.

(a)

(b)

Fig. 5: The four motions as performed during the experiment
with (a) abduction, (b) adduction. (¢) forward flexion, (d)
extension. The start position of each motion was set as the
reference pose for the robot Xe. (pink), and the subject made
one continuous motion as indicated in black. The arrows
indicate the direction of the motion.

Since the rotator cuff muscles only span the GH joint,
we only consider the three shoulder DoFs ¢, consisting of
the following Euler angles; plane of elevation (PE), shoulder
elevation (SE), and axial rotation (AR):

o =[PE, SE, AR] . 9)

The range of shoulder DoFs was constrained within the
limits of —20° < PE <160°, 0° < SE < 144°, and —90° <
AR < 100°. Rotator cuff tendon strain estimations were
calculated for each combination of ¢ at four-degree intervals
and muscle activation in 0.005 activation level intervals. The
strains were pre-computed to reduce the computational load
during rehabilitation.

To visualize the four-dimensional space for a
physiotherapist, the strain maps were divided into
two-dimensional layers/maps with the plane of elevation
and shoulder elevation on the x- and y-axis, respectively.
The axial rotation and muscle activation are fixed for
every two-dimensional map. A new map is considered by
changing either one, as shown in Figure 3.

D. Robotic control and interaction

The strain maps need input about the shoulder state
variables and any external forces acting on the patient at
any time step to visualize the internal biomechanics of the
shoulder joint. A tool that can be used to achieve this
is a robotic device. We leveraged the KUKA LBR iiwa,
an industrial collaborative robot for physical human-robot
interaction with 7 DoFs. The robot is controlled with a
Cartesian impedance controller:



Trapezius Trapezius Trapezius Deltoid Deltoid Deltoid Pec.Maj. Serratus  Infra-  Latiss. Teres
Task . . . . . . . . . . . . Method
middle superior inferior  anterior posterior middle clavicle anterior spinatus  dorsi  major
Abduction 0.09 0.11 0.06 0.09 0.07 0.07 0.02 0.07 0.08 0.06 0.06 MATLAB
0.09 0.11 0.06 0.10 0.06 0.08 0.02 0.06 0.07 0.06 0.05 Python
Abduction + 0.07 0.11 0.05 0.07 0.10 0.04 0.03 0.06 0.05 0.13 0.08 MATLAB
0.08 0.10 0.06 0.09 0.09 0.04 0.03 0.05 0.06 0.13 0.07 Python
Flexion 0.06 0.07 0.04 0.05 0.05 0.05 0.02 0.05 0.04 0.10 0.07 MATLAB
0.06 0.07 0.04 0.05 0.05 0.06 0.02 0.06 0.04 0.10 0.06 Python
Flexion + 0.04 0.08 0.02 0.05 0.07 0.04 0.04 0.06 0.02 0.16 0.11 MATLAB
0.04 0.08 0.02 0.05 0.06 0.06 0.03 0.06 0.02 0.17 0.10 Python
Shrugging 0.02 0.09 0.01 0.01 0.02 0.02 0.06 0.01 0.08 0.03 0.17 MATLAB
0.02 0.09 0.01 0.01 0.01 0.01 0.06 0.01 0.08 0.03 0.15 Python
Shrugging + 0.04 0.06 0.02 0.01 0.02 0.02 0.05 0.02 0.02 0.10 0.12 MATLAB
0.04 0.06 0.02 0.01 0.02 0.01 0.05 0.02 0.01 0.10 0.13 Python

TABLE I: Mean Absolute Error (MAE) for MATLAB and Python estimates of the muscle activations against the EMG-based
activations. MAE values > 0.1 are highlighted. For the comparison of the serratus anterior, both the MATLAB and Python
estimations are an average of the three bundles that represent the muscle in the model, as reported in [35].

Fimp = K(iee - Xee) “'D(iee - Xee) . (10)

Here, Fiyp € RS is the interaction forces and torques at the
end-effector/elbow. The robot’s end-effector reference and
actual pose are X.e and X, respectively. K, D € R6%6 are the
desired stiffness and damping matrices in Cartesian space.
The positional and rotational stiffness of K are prescribed,
and D is obtained using the double diagonalization design
method [42]. The increase in impedance with distance from
the reference pose is used to mimic the effect of elastic bands
during rehabilitation exercises.

A custom L-shaped brace is mounted on the robot’s
end-effector and worn around the elbow of the patient; see
Figure 4. This brace allows the robot to know the position
in space of the elbow and, subsequently, the shoulder state
angles. The robot joint torques are used to estimate the
force at the end-effector of the robot, which is acting on
the patient’s elbow. The joint angles of the robot are used to
estimate the three shoulder DoFs and their derivatives. Data
from the torque sensors and the joint angles are collected
at 200Hz. This data is subsequently used as input for the
RMR solver for the muscle activation and tendon strain
estimations.

E. System validation

Before we can integrate the muscle activations in the
robotic-assisted rehabilitation of the rotator cuff, we need
to validate the accuracy of the RMR solver in Python.
The results from the Python implementation were compared
to filtered experimental EMG data and the results of the
RMR solver in MATLAB. The dataset used for validation
is openly accessible from a previous study [35]. The set
consists of a total of 18 experimental trials. The same subject
executed three repetitions of forward flexion, abduction, and
shrugging. The three motions were both executed unloaded
and with a two-kilogram weight in the hand. For every trial
marker data was recorded, capturing the motion of several
bony landmarks. Additionally, surface EMG electrodes were
used to record eleven muscles.

The motion capture marker data was processed with
an updated inverse kinematics analysis to retrieve joint
angles from the experimental trajectories. Inverse kinematics
tracking weights were applied to the scapula coordinates
to maintain a realistic relationship between the scapula
upward rotation and shoulder elevation. Subsequently, the
obtained joint angles were smoothed using a 4th-order
low-pass Butterworth filter with a cut-off frequency of 3
Hz. This filtering step aimed to mitigate any high-frequency
noise present in the marker data. The complete dataset was
evaluated by comparing the mean absolute error (MAE)
between the EMG-recorded muscle activations and the
MATLAB and Python solver estimations.

F. Experimental setup

One healthy individual was considered as a subject
for the following experiments. The subject was seated
in a normal chair, and after the robot was moved to
its initial position, the custom arm brace was put on.
The subject performed four different movements based on
common rehabilitation exercises; forward flexion, extension,
abduction, and adduction (see Figure 5). The subject was
free to move in space but was instructed to make 1-DoF
movements. For forward flexion and extension, the subject
was instructed to keep axial rotation and plane of elevation
around —90° and 90°, respectively. In the case of abduction
and adduction, axial rotation and plane of elevation were
kept around 0°. To ensure the subject’s comfort and safety,
the subject was given instructions to restrict their movement
within a certain ROM. Therefore, for all cases, shoulder
elevation was instructed to be limited between 30° and 80°.

The Cartesian impedance controller of the robot
was leveraged to mimic elastic bands commonly used
in rehabilitation exercises. By increasing the positional
stiffness, a larger external force acted on the elbow; thus,
more effort was required from the subject to move along the
trajectory. The four movements were all executed for three
different positional stiffness values: Kj,; = 10, 30, and 50
N/m. The rotational stiffness was kept constant throughout
the experiments. The stiffness value K, was set to 50
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Fig. 6: Muscle activation of selected muscles during a loaded
flexion motion. The estimations are shown for MATLAB
(green) and Python (pink) and are displayed as the mean over
three repetitions of the motion (bold lines), with a shaded
+1 SD. Additionally, the muscle activations from filtered
experimental EMG data are displayed in gray (&1 SD).

Nm/rad, which is the upper limit before the robot becomes
unstable and restricts motion in AR.

To allow for the estimation of shoulder joint angles based
on the robot joint angles, the subject was instructed not to
move his torso. The shoulder frame was therefore assumed to
be fixed relative to the robot. Thus a constant transformation
between the robot end-effector frame and the shoulder frame
was possible. During the experiments with the robot, we only
obtained information on the GH joint coordinates and thus
assumed that the scapula was not moving during the muscle
activation estimation. The shoulder state and external force
data were post-processed to estimate the muscle activations
and the tendon strains and generate the strain maps.

All the computations were run on an HP ZBook Studio
G3 running Windows 10 with an Intel i7-6700HQ processor
and 8GB RAM. The RMR solver was coded in MATLAB
R2022a and Python 3.8. The experimental dataset used for
validation provided input at 100 Hz, whereas the robotic
control loop and data stream ran at 200 Hz.

III. RESULTS

In this section, we present our results beginning with
the comparison between the MATLAB and Python solver
results as a validation of the Python solver. The estimated

‘ Abduction Flexion Shrugging ‘ Average
Unloaded | 5.5 4.8 53 52
Loaded 5.7 4.3 4.3 4.7
Average | 5.6 4.5 4.8 | 5.0

TABLE II: Frequency of the RMR solver in Python over a
dataset consisting of 18 trials collected at 100 Hz. They are
summarized per motion and loading conditions. Overall, the
RMR solver implemented in Python runs at an average of 5
frames per second.

muscle activations from both solvers were compared to
experimental EMG data as a benchmark. We also computed
the computational cost of the solver (II[-A). Next, we show
the resulting muscle activations and tendon strains from
the conducted experiments with a robotic device for a set
of motions and show the effect of external forces on the
muscle activations and, subsequently, the tendon strains
(III-B). Finally, we show the resulting strain maps, which
now represent active model-based tendon strain estimations
during human-robot interaction in III-C.

A. Validation of Python RMR solver

Muscle activations estimated with the RMR solver in
MATLAB and Python were compared to the experimental
EMG data. The activation was averaged over the three
repetitions for each task. The muscle activation estimations
were compared during three motions; abduction, flexion,
and shrugging for the unloaded and 2 kg load condition.
To capture differences across the dataset, mean absolute
errors (MAE) were computed and are summarized in
Table I. The MAE values for MATLAB and Python against
EMG-based activations are < 0.17, with most values <
0.10. For the majority of the activation estimations, the
errors against EMG data are the same in the MATLAB
and Python implementations. The differences in MAE values
between MATLAB and Python are < 0.02. Figure 6. The
figure includes the mean and standard deviation of muscle
activations for selected muscles during a loaded flexion
task. The results from the experimental EMG data and the
MATLAB and Python implementation are shown.

We ran the RMR solver in Python for all (18) trials
to get an average frequency at which the solver can run.
The frequencies are summarized in Table II. The resulting
frequencies are presented for the three motions in unloaded
and loaded conditions. The frequency at which the solver
runs varies between 4.3 Hz and 5.7 Hz, with an overall
average of 5 Hz, which is the same frequency as the
MATLAB implementation [34].

B. Muscle activation and tendon strain estimation

The resulting muscle activation and tendon strains for the
experiments performed with the Kuka LBR iiwa robotic arm
are presented below. Two of the motions are shown, each
with a different rotator cuff muscle highlighted. Figure 7
shows the resulting muscle activation and tendon strain of
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Fig. 7: An example of the shoulder extension movement
and the estimated muscle strain and tendon activation of
the infraspinatus inferior (ISI) and infraspinatus superior
(ISS). The muscle activations (a-c) and tendon strains (d-f)
are shown for all three robot stiffness values. In (g), the
magnitude of the external force at the elbow is shown for
the three different conditions.

the infraspinatus inferior and infraspinatus superior during
extension. A single extension was performed for three
different robot stiffness values (K = 10 N/m, K = 30
N/m, and K = 50 N/m). By increasing the stiffness, the
magnitude of the external force also increases. During
extension, the infraspinatus superior is not activated for
any of the modalities. The infraspinatus inferior is recruited
less when the stiffness is increased, and the infraspinatus
inferior tendon strain also reduces with higher stiffness.
A peak at the end of the motion with medium stiffness
can be seen in the infraspinatus inferior muscle activation
and tendon strain. The supraspinatus muscle bundles are
highlighted during a single abduction motion, again for all
three stiffness values (Figure 8). Both the supraspinatus
anterior and posterior bundles were activated during the
abduction task. The estimated muscle activation increased
with a higher positional stiffness of the robot, which also
resulted in a higher tendon strain.

C. Strain maps during active rotator cuff rehabilitation

Using strain maps, we visualized the tendon strains
during a single abduction motion with medium positional
robot stiffness. A subset of the resulting strain maps is
shown in Figure 9. They represent the strain distribution
for five instances in time throughout the motion. An
example of strain maps is shown for subscapularis inferior
(SSQI), infraspinatus superior (ISS), and the maximum strain
of all rotator cuff muscles. These maps exhibit varying
shapes as the shoulder pose and muscle activation levels
change throughout the motion, resulting in a shift of low
and high-strain zones. Notably, the two individual muscle
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Fig. 8: An example of the shoulder abduction movement
and the estimated muscle strain and tendon activation of
the supraspinatus anterior (SSPA) and supraspinatus posterior
(SSPP). The muscle activations (a-c) and tendon strains (d-f)
are shown for all three robot stiffness values. In (g), the
magnitude of the external force at the elbow is shown for
the three different conditions.

elements experience high strains at different shoulder poses.

I'V. DiscussION

In this study, we developed a method to gain insight
into the inner biomechanics of the shoulder complex during
active rehabilitation exercises. We examined and developed
a deeper understanding of the recruitment of the rotator cuff
muscles during various motions and loading conditions. With
this new information, we present a framework to provide a
physiotherapist with an intuitive interpretation of the data to
allow for safe rehabilitation of the rotator cuff muscles based
on quantitative tendon strains. The strain maps and better
understanding of the rotator cuff functions enable further
exploration, development, and, ultimately, improvement of
robotic-assisted rehabilitation of the rotator cuff muscles.

The RMR solver in Python has a similar computational
cost as it had in MATLAB and can solve at 5 Hz. Considering
that the frequency of human movement typically falls within
the range of 0 to 10 Hz [43] and will likely be slower
during rehabilitation, our solver’s efficient computational
time allows for real-time estimation of muscle activation.
More notably, this method offers a distinguished advantage
over the previous solver as it enables real-time consideration
of external forces. This is a significant step forward in
biomechanics-aware rehabilitation of the shoulder.

To showcase the proposed framework, we conducted
several experiments using the Kuka LBR iiwa robotic arm as
a proof-of-concept for robotic rehabilitation. The impedance
controller of the robot was used to mimic the use of elastic
bands during therapy. The developed solver serves as a
powerful tool to reveal information regarding the activation
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Fig. 9: An example of strain maps visualizing tendon strain at
five instances (t; —t5) during a single abduction motion with
a medium stiffness (K=30 N/m). The strain maps are shown
for the a) subscapularis inferior (SSCI), b) infraspinatus
superior (ISS), and c¢) the maximum strain of all rotator cuff
muscles. For the complete movement, (d) the shoulder pose
and e) selected rotator cuff tendon strains are shown.

levels and recruitment of the rotator cuff muscles during
rehabilitation exercises. In the exemplary shoulder extension
experiment, we observed an increased engagement of the
infraspinatus inferior as a response to the larger external
forces applied to the subject (Figure 7. Notably, the tendon
strains are also subjected to changes in shoulder pose, as
observed in the infraspinatus superior. An opposing muscle
response to external forces was observed in Figure 8, where
the supraspinatus superior and supraspinatus inferior were
activated less for higher forces.

The rotator cuff muscles are the main stabilizers of
the glenohumeral joint but also assist in the motions of
the shoulder joint. The recruitment of the supraspinatus
during abduction aligns with our intuition around shoulder
biomechanics for the different external forces. The
supraspinatus assists the deltoids in abduction; bigger
recruitment of both muscles was observed for increased
antagonistic external forces. The infraspinatus is known as
the main external rotator of the humeral head, so engagement
during the extension motion, with a 90° external rotation of
the humerus, is in line with the expectations. We expected
larger external forces to destabilize the glenohumeral joint
and, thus, a higher engagement of the rotator cuff muscles,
which was not the case for the infraspinatus inferior during
extension. This may be explained by an observed increase
in latissimus dorsi muscle activation, which helps depress
the humerus inside the glenohumeral joint, and requires less
stabilizing efforts from the infraspinatus.

It is important to gain insight into the rotator cuff muscle
recruitment patterns to understand how a patient should

or should not move during rehabilitation to prevent injury.
The musculoskeletal model-based RMR solver is unique
in its ability to make these estimates in real-time and
offers opportunities to develop new novel rehabilitation
exercises tailored to the patient. During the initial phases of
rehabilitation, the priority lies in preventing the aggravation
of a tear or the occurrence of a re-tear following surgical
repair. Using the strain estimates from the solver, a
physiotherapist can choose the robot’s stiffness so that the
strains in the damaged muscles are below a certain threshold.
For example, in the case of an injured infraspinatus,
a higher stiffness during extension was observed to
reduce the strains. Conversely, during the later stages of
rehabilitation, a physiotherapist may desire to prioritize
strengthening a specific muscle or recruit compensatory
muscles to compensate for an injured one. The combination
of a customizable robotic device and the solver presents
an intriguing opportunity to design and evaluate novel
rehabilitation exercises for various rotator cuff disorders.
This approach allows for exploring and establishing tailored
rehabilitation protocols, providing valuable insights for
optimizing patient recovery and improving outcomes.

We visualized the strains in intuitive 2D maps to be
used during rehabilitation by a physiotherapist. These maps
provide information on the tendon strain in the current
shoulder state and the surrounding poses. With the strain
maps, we can visualize quantitatively shoulder states that will
reduce the risk of re-injury while increasing ROM to improve
recovery. The strain maps presented in this study include the
effect of external forces and muscle activations on the tendon
strains and represent more physiologically realistic strains.
This is an important extension of our previous work that was
limited to considering only passive strains [24], [25]. The
maps offer a physiotherapist an intuitive metric to determine
safe and unsafe poses in real-time during rehabilitation.
Depending on the patient and the stage in the rehabilitation
process, the maps can be customized to show a single muscle,
a combination of a few, or all rotator cuff muscles combined.

Several limitations of this study can be identified.
The model in our study did not reflect the actual
anatomical and physiological parameters of the subject. To
improve muscle activation and tendon strain estimations,
a subject-specific model could be considered, facilitating
personalized rehabilitation strategies.

The muscle activations and tendon strains peak on some
rare occasions, as was observed for the infraspinatus inferior
during extension. No direct cause could be found that
explains this behavior; the muscle length is continuous, and
the optimizer converges to a solution. However, the cost
value was larger than the adjacent time steps. A similar peak
was observed during flexion, where the peak seems to stem
from a discontinuity in the fiber length of the subscapularis
medialis, which subsequently influences the solver’s attempt
to find an equilibrium for all muscles (see Appendix VI-D).
The peaks seem to have different causes and are infrequent
in the limited dataset collected with the robot. More data
and further investigations are needed to understand which



mechanisms cause the peaks, such as the muscle’s geometry,
the definition of the cost function, or the solver’s parameters.

We simplified the data collection process using a robotic
device. The robot captures data on the estimated external
forces and shoulder joint state that can directly be used to
estimate muscle activation. However, it comes with certain
assumptions. To be able to estimate the shoulder joint state
from the robot configuration, we assumed a static shoulder
frame and scapula throughout the movement, not capturing
the complete kinematics of the shoulder. Tracking the scapula
movement can further clarify the engagement of the rotator
cuff muscles and ensure safe strains during rehabilitation
[44].

Lastly, the inclusion of muscle activation in tendon
strain analysis provides a physiologically realistic perspective
but introduces additional complexity. Muscle activation
estimations, and thus the tendon strains, are influenced by
the external forces applied to the subject and the shoulder
state. Especially changes in force are unpredictable, making
it uncertain how the strain space will evolve in the subsequent
time step. For clinical implementation, further investigation
is required to enable real-time updates of active strain maps
while incorporating the previously identified safe and unsafe
strain zones [25].

V. CONCLUSION

We developed the RMR solver, a novel computational tool
that computes realistic muscle activations during motion. It
considers the GH joint stability, active muscle dynamics, and
passive muscle contributions at a low computational cost.
The solver was re-implemented in Python and expanded
to include the interaction forces and torque between the
robot and the subject during active rotator cuff rehabilitation.
The provided framework provides physiotherapists with safe
and unsafe ROM during rehabilitation, using quantitative
information on tendon strains visualized using strain maps.
The strain maps can be generated for every muscle element
separately or can be used to represent the maximum strain
experienced by the rotator cuff complex. We can mimic the
resistance forces from elastic bands by changing the robot’s
stiffness. Physiotherapists can leverage the different active
strain maps and robot control settings to deliver therapy for
specific injuries in a large ROM without risking re-injury.
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VI. APPENDIX
A. Validation of external forces
The expansion of the RMR solver with external forces was validated first in a static pose using the thoracoscapular
model. The shoulder DoF a was set to [0, 90, 60] degrees. The external force was applied at the elbow in the positive

global Y-direction (see Figure 10b). To test the response of the Rapid Muscle Redundancy solver, the force was simulated
as a step function:

0, ifr<0.2. =
20, if02<r<0.4.
Fy(r) =450, if0.4<r<0.6.
100, if 0.6 <7 <0.8.
200, if > 0.8.

Fig. 10: The external force applied at the elbow in
positive Y (global). The deltoid and pectoralis major
muscles are highlighted.
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Fig. 11: The external force step function and the response of selected muscles; deltoids and pectoralis majors.

We illustrate the computed muscle activations for the deltoid anterior, medialis, and posterior, along with the pectoralis
major superior, medialis, and inferior. The deltoid muscles play a significant role in abduction, while the pectoralis major
muscles primarily contribute to adduction. As the force magnitude increases, it was anticipated that the deltoid muscles
would be less engaged while the pectoralis major muscles would become more involved. This observation is evident in
Figure Figure 11, confirming the successful integration of external forces into our implementation. We can also see the
effect of the constraint on the muscle activation bounds on the muscle activations every time the force magnitude changes.
Due to the activation and deactivation rates, the muscle activations do not convert instantaneously. This can especially be
observed in the deactivating deltoid muscles, since fgeact > fact-
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B. Muscle activation influence on strain estimation

We verified the influence of muscle activations on tendon strains using the dataset presented in [35]. The comparison
between strains with(out) muscle activations is presented in Figure 12. Figure 12a shows the muscle activations and strains for
the supraspinatus inferior and superior during an abduction, and Figure 12b shows the three subscapularis muscle elements
during flexion. We can see in both cases that even a relatively small muscle activation of 0.1 influences the strain estimation.
It is therefore important to also consider muscle activations in the strain map visualization to ensure a safe rehabilitation
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Fig. 12: Examples of the influence of muscle activation on tendon strain estimations, with the left column the shoulder
coordinates, the middle column the strain estimations without muscle activations, and the right column the strain estimations
with muscle activations for (a) abduction and the supraspinatus superior and inferior muscles and (b) flexion and the
subscapularis inferior, medialis, and superior muscle elements.
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C. Appendix C: Solver optimization settings

Although carefully considered, the solver in Python has slightly different functionalities to the MATLAB solver. We tested
different parameters, trying to balance computational cost and finding a good solution. The findings are presented in the
explanatory Figure 13, which showcases the deltoid medialis during an abduction task from the dataset presented in [35].

One of the changes we made was changing the equality constraint (Equation 2) to a two-sided inequality constraint. The
added tolerance was kept as low as possible to keep the solution space small. We choose a 6 of 0.001, with larger values
for & diverging from the MATLAB solution as shown in the left figure in Figure 13.

We also tested some of the different values of ftol (right figure), which defines the tolerance on the overall cost function.
Again they were compared to the MATLAB solution. For the deltoid muscle, we do not observe any notable differences

between any of the values for ftol. We opted to use ftol = 1e~% in the end.
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Fig. 13: Comparison of the deltoid medialis activation during abduction
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D. Investigating peaks in muscle activation and strains

During some of the experiments, the muscle activation and/or tendon strain show a discontinuity in the form of peaks. We
need to understand and act accordingly on these discontinuities to be able to use the framework in a clinical setting, such as
rehabilitation. We believe that some of the peaks might be explained by the wrapping paths used to define the shape of the
muscle elements in the thoracoscapular muscle. Figure 14a shows an incidence of such peak during flexion with Kpos = 50
N/m. It includes the muscle activations and strains of the teres minor and subscapularis muscles. We investigated the lengths
of all muscle elements during the motion and observed that the subscapularis medialis length had a peak at the same time
as the activation and strain peak (Figure 14b). Although this behavior of the muscle raises questions regarding the model’s
wrapping methods, it is only observed sporadically and is not always found to be the cause of the peaks. We could not find
a discontinuity in a muscle’s geometry that might explain the peak we observed in Figure 7. Thus further investigation is
required to identify the underlying mechanisms of the different peak occurrences.
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Fig. 14: Discontinuity of muscles during flexion with a high positional stiffness of the robot
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