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In this study, a novel human-in-the-loop design method using a genetic algorithm (GA) is pre-
sented to design a low-cost and easy-to-use four-bar linkage medical device for upper limb muscle
rehabilitation. The four-bar linkage can generate a variety of coupler point trajectories by using
different link lengths. For this medical device, patients grab the coupler point handle and rotate
the arm along the designed coupler point trajectory to exercise upper limb muscles. The design
procedures include three basic steps: First, for a set of link lengths, a complete coupler point
trajectory is generated from four-bar linkage kinematics; second, optimization-based motion
prediction is utilized to predict arm motion (joint angle profiles) subjected to hand grasping and
joint angle limit constraints; third, the predicted joint angles and given hand forces are imported
into an OpenSim musculoskeletal arm model to calculate the muscle forces and activations by
using the OpenSim static optimization. In the GA optimization formulation, the design variables
are the four-bar link lengths. The objective function is to maximize a specific muscle’s exertion for
a complete arm rotation. Finally, different four-bar configurations are designed for different
muscle strength exercises. The proposed human-in-the-loop design approach successfully inte-
grates GA with linkage kinematics, arm motion prediction, and OpenSim static optimization for
four-bar linkage design for upper limb muscle strength rehabilitation.

Keywords: Four-bar linkage; genetic algorithm; OpenSim; static optimization; motion predic-
tion; muscle rehabilitation.

1. Introduction

According to the American Heart Association, over 7 million Americans suffered a
stroke between 2013 and 2016." While many researchers investigate the science of
stroke prevention, others develop methods for stroke rehabilitation. Recovery is
common among many patients; however, due to neural plasticity about one-third of
stroke victims carry the disability for a long time. Repetition of a specific task is an
approach that therapists use to recover motor function after a stroke. Rehabilitation
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is more effective when the patient is more involved. One method to make rehabili-
tation more effective for the patient is to use robotic devices which increase the
number of repetitions that a therapist could impose.? According to Fortune Business
Insights, the rehabilitation-robot market was approximately $530 million in 2018
and projected to reach approximately $2600 million by 2026.° The yearly cost for
stroke rehabilitation service utilization is around $11,689 excluding the medication,
which is not affordable for a lot of Americans.* This cost can be reduced by devel-
oping low-cost rehabilitation devices.

There are two types of rehabilitation devices for the upper extremities: exoskel-
eton type and end-effector type. Exoskeletons are attached to the upper limb at
multiple points.” '* These devices have a structure that resembles the human upper
limb and can provide accurate force/torque to a specific joint as seen in Fig. 1(a).
End-effector rehabilitation robots have only a single point of interaction.'*'¢ They
are ground-mounted and connected to the patient’s hand or forearm as shown in
Fig. 1(b). Ghannadi'® developed a parallelogram linkage-based end effector upper-
extremity rehabilitation robot where model-in-loop is considered for the controller.
The robot has two degrees of freedom (DOFs). Zhao et al.'” developed a four-bar
linkage-based single-DOF upper limb rehabilitation robot. The subject-specific tar-
get motion was regressed from a large amount of upper limb rehabilitation motions
using a clustering-based machine learning technique. Then the linkage was synthe-
sized to repeat the target motion for rehabilitation.

In addition, rehabilitation devices should have some characteristics like a human
therapist. There are two practice modes for rehabilitation robots: passive mode and
active mode.'® At the early stage of post-stroke therapy, a patient’s arm is usually
unresponsive. This stage requires control of the robotic arm’s motion along a desired
reference trajectory. This type of control is called passive control.!? RUPERT-IV?°
used a passive control strategy. In the active mode, the performance of the robot arises
from subject contribution where the patient is performing actively during the move-
ment and the robot assists only if needed.'® Zhang et al.'® developed an active control
system for upper limb rehabilitation. The controller exerted minimum required forces
to assist the subject, called assist-as-needed training during rehabilitation.

Numerous products on the market assist in rehabilitation of the upper arm affected
by stroke; however, none of these devices target specific arm muscles. One of the

(a) (b) (©) (d)

Fig. 1. (a) Exoskeleton type robot, (b) end-effector type rehabilitation robot,”’ (c) Saebo ReJoyce
assistive robot,”” and (d) four-bar linkage rehabilitation device.
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available products in the market is the Saebo ReJoyce which is an end-effector
rehabilitation robot. It has an armature that can move around freely. Users hold
onto a grip, and they are directed to simulate the motion of certain tasks as shown in
Fig. 1(c). These movements control computer simulations that provide the users with
feedback. The goal of the device is to improve the user’s strength and range of motion
by simulating everyday tasks. While this solution is impressive, the motions it guides
users to make require complicated control. The cost of the device is an issue as well.
Figure 1(d) shows the designed prototype of the four-bar linkage rehabilitation device.
Also, the users must be trained and supervised by qualified personnel while operating
the device. Metcalf et al.>® proposed a multi-domain dynamic model-based upper limb
rehabilitation robot which had 2 DOFs and used position control instead of admit-
tance or impendence control. Muscle targeted rehabilitation is a complex and chal-
lenging task but a very efficient way for patients’ recovery. However, it requires
subject-specific parameters for kinematic and dynamic modeling.”* Also, the device/
robot should have the capability to change its geometry and control to optimize user’s
dynamics such as joint torques and muscle forces during human-robot interactions.”
Gallagher et al.”®
exoskeleton robot. However, it was a static task, and the subject did not change his or
her posture during the task. The dynamics of the human and robot were neglected.
Xiong and Manoonpong?” proposed an adaptive controller for an elbow exoskeleton
that provided resistance as needed for rehabilitation.

Current arm human-in-the-loop studies have produced intriguing control schemes
for wearable robots used for rehabilitation or simple lifting assistance. Nasiri et al.”®
developed an adaptive control algorithm for exoskeleton lifting that simulated the
arm muscle forces to determine the best exoskeleton torque. This control scheme is
robust, but it requires a 7 DOF arm exoskeleton which will be bulky and expensive.
Scotto di Luzio et al.? developed a controller for an end-effector rehabilitation robot
that used the user’s arm kinematics within the control algorithm. However, the arm
muscle forces were not simulated. Ronsse et al.>’ controlled an elbow exoskeleton to
adapt to arm oscillations using a simple damped pendulum model for the arm. This
model also did not compute the arm muscle forces. There is a need for cheap arm
rehabilitation devices that are controlled with human-in-the-loop algorithms that
simulate the muscle forces. The cited rehabilitation devices and control methods are
compared in Table 1.

In this study, we will design a portable, low-cost, and easy-to-use four-bar linkage
end-effector rehabilitation robot for specific upper-limb muscle rehabilitation. A
four-bar linkage morphology was selected so that the device would be simpler and
cheaper while being able to achieve diverse hand trajectories. A four-bar linkage can
be actuated with only one motor which reduces the cost. Having only one motor
makes the device simpler and slimmer than devices with many motors. This reduces
material cost as well as the cost of control electronics. It will be easy to use, because it
will not require attaching multiple electrodes, straps, or components to the user’s

proposed a method to control individual muscle force using an

arm. Operation will only require setting a few parameters such as speed, resistance
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and duration. The lengths of the linkages of the device can be changed to affect the
hand trajectory. Different configurations will be optimized to produce the best re-
habilitation results for specific arm muscles. The simulation of the system’s dynamics
and the body’s muscle forces is uncommon in rehabilitation device design. It is
especially uncommon to be used in a 1 DOF device.

The basic idea is to move the arm through the coupler point trajectory (as a
guide) to exercise muscle groups as shown in Fig. 1(d). The trajectory will be the
path that the grip handle on the coupler linkage traces out. The coupler point on the
four-bar linkage can generate a variety of trajectories with different shapes. These
shapes have been studied and collected in the atlas in the literature 31 and used in
many places in industry. There will be a grip at the coupler point that the users will
hold on to with their hand. Additional wrapping is needed for safety. A motor will
rotate the crank linkage slowly and cause the other linkages to move. This will cause
the whole system to move, and the grip point will trace out a particular trajectory. In
order to exercise certain muscle groups, individual trajectories will be designed to
optimize the exertion on muscle groups. The benefit of using a four-bar linkage
mechanism is that we can generate different end-effector motions by using only one
motor, whereas other mechanisms need multiple motors. As a result, the cost and
weight of the device are reduced significantly.

In addition, a novel GA-based human-in-the-loop design method is proposed to
optimize the four-bar linkage medical device for upper limb muscle strength reha-
bilitation. This novel design method integrates GA with linkage kinematics, arm
motion prediction, and OpenSim static optimization as shown in Fig. 2. The design
variables are coupler and rocker link lengths which generate a coupler point (hand
end-effector) trajectory through four-bar linkage kinematics. Then motion prediction
is used to obtain arm joint angle profiles. These joint angles with hand reaction forces
are further inputted into an OpenSim musculoskeletal shoulder model to calculate
muscle forces and activations using static optimization. Finally, the GA cost function
maximizes a user-specified muscle force and minimizes other major muscle forces
over a complete arm rotation. This cost function is subject-specific and muscle-
specific. The user’s measured arm dimensions are used to scale the motion prediction
model. GA optimization was selected because it is a non-gradient based global op-
timizer. The cost function of the optimization is so far removed from the input

Cost function

! Crank o id trajectory

\ Adjustable link
1" attached to coupler

Muscle
forces

Genetic Link, Rocker
Algorithm | lengths

Four bar linkage 3D skeletal arm Musculoskeletal model
kinematics motion prediction and static optimization

Fig. 2. GA-based human-in-the-loop design.
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parameters that computing the gradients is impractical. Global optimization is
preferred to local optimization in order to achieve the best results.

The contents are organized as follows: Section 2 presents the four-bar linkage
kinematics to compute the coupler point trajectory. Section 3 describes the skeletal
arm motion prediction to obtain joint angle profiles. Section 4 illustrates the
OpenSim static optimization tool to calculate muscle forces and activations.
Section 5 presents the general GA-based four-bar linkage optimization for upper limb
muscle strength rehabilitation. Section 6 demonstrates the optimization results. The
discussion and conclusions are given in Sec. 7.

2. Four-Bar Linkage Kinematics: Coupler Point Trajectory

The rehabilitation device consists of a four-bar linkage mechanism as shown in Fig. 3.

The user holds onto a handle grip on ps. As the crank rotates, their hand is moved
through a curvilinear trajectory. Link [; represents ground; link [, is the crank, which
is driven by a motor; link [, is the rocker; and links &, l5, and l; are coupler links which
construct a rigid triangle. The link lengths of the linkage change for each design, and
the position of the system is controlled by the crank angle 6. The linkage joint

cartesian coordinates are defined as p; = [z; y;]7, where the origin is at point p;. At

the end of the crank:
cos(60
p=t e | 1)

The angles ¢; and ¢, are defined as
¢ = tan‘l(l 2 )7 (2)

1~ I
b2 412 — 12
_ -1 4 3
2= eos (P, )

(a) (b)

Fig. 3. (a) Four-bar linkage mechanism and (b) rehabilitation scenario.
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where b is the variable length between p, and p,:

b= /12 + 1 — 21 cos(6). (4)

The point p; and angle ¢ are

H l—cos(qsl + ¢9)
p3 = +1U

: (5)

0 sin(¢; + ¢)
5 = tan ! (u) (6)
T3 — Iy
This produces the coupler point position ps as
cos(gz + a) ]
=ptik| . : 7
b5 = P 5[51n(q53+a) (7)

where « is defined by

13+12-12
o= cos‘l<%). (8)

The rehabilitation context is pictured in Fig. 3(b). The four-bar linkage mecha-
nism is mounted to a table, and the user is sitting on a chair next to it. The origin of
the rehabilitation context is located directly below the user’s spine on the floor. The
chair, the human stick figure, and the table are defined as geometric objects that can
be translated and rotated in the global coordinate frame. The kinematics of the
linkages are calculated in a local reference frame that is defined based on the table’s
reference frame. This data is then transferred into the global coordinate system. The
same process is done for the chair and the human model so that each object is
represented in the global coordinate system.

3. Arm Motion Prediction
3.1. 3D skeletal arm model

The 3D skeletal arm model was created using the Denavit-Hartenberg (DH)
method.?? Each body link is defined as a local coordinate system, and they are related
to each other using 4 x 4 transformation matrices of the form:

cos(f;) —sin(@;) 0 071 0 0 O 100 g
i _ | s(6:) cos(8) 0 0|10 10 0110 10 0
' 0 0 10[l0014d|l0o01 0
0 0 o0 1]l000 1][000 1
1 0 0 0
y 0 cos(ay;) —sin(a;) 0 o
0 sin(a;) cos(ey) O
0 0 0 1
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cos(f;) —cos(ay)sin(f;)  sin(w;)sin(f;)  a;cos(6;)
sin(6;)  cos(a;)cos(;)  —sin(a;)cos(8;) a;sin(6;)
0 sin(qy;) cos(a;) d;
0 0 0 1

-l Tz = ’ (10)

where frame ¢ — 1 is the original reference frame, and frame ¢ is the dependent
reference frame. Each frame is defined by local coordinate axes z;, y;, and z;. The
variable 6; is the angle around the z;_; axis between z; ; and z;, d; is the translation
along the z;,_; axis between the two frames, a; is the translation along the z; axis
between the two frames, and «; is the rotation around xz; between z;_; and z;.

The matrix 1 T; relates the coordinates of one link’s frame (i) to the previous
frame (i —1). These matrices are multiplied together to produce a matrix that
relates the ith frame with the global reference frame:

OTi:0T11T22T3"'i_1TZ'. (11)

The right arm skeletal model has 7 DOFs: ¢ = [¢; ¢ - - ¢;]Tasin Fig. 4. The
DH parameters are listed in Table 2, where the values for 6,, d;, a;, and «; are
constant model parameters. The anthropometric data for the link lengths were found
from the NASA Anthropometric Source Book Volume I1.%*

Fig. 4. 3D right arm skeletal model.
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Table 2. Human upper body DH parameters.

Joint names 0 d a o

Shoulder adduction (¢;) —7/2 0 0 —7/2
Shoulder flexion (g,) —7/2 0 0 —7/2
Shoulder rotation (g;) 0 —Lyypper_arm 0 /2
Elbow flexion (gy) 0 0 0 —/2
Elbow rotation (gs) 0 — Ligre_sm 0 —7/2
Wrist flexion (gg) /2 0 0 /2
Wrist adduction (g;) 0 0 Lyand 0

3.2. Arm motion optimization formulation

The basis for the simulation starts with the generation of the four-bar linkage handle
trajectory. Then, a nonlinear optimizer is used to solve for the arm joint angle profiles
that cause the hand to be positioned in the same location as the handle. The kine-
matic simulation is performed in MATLAB, and the optimizer is MATLAB’s
fmincon function.

3.2.1. Design variables

The joint angle profiles are discretized by cubic B-splines,®® so that the
corresponding B-spline control points are treated as design variables, x =
[clql...c?l7 L cf7...c§7]T

7 control points. Therefore, the total number of design variables is 7 x 7 = 49.

, where each joint angle profile is represented by

3.2.2. Objective function

The objective function was formulated to minimize the summation of the difference
between the hand position and coupler (grip) point position, and the difference
between the hand orientation and coupler handle orientation as

Mout Mout
MinJ; = Y ||Pi(x) = Pi(L, 0, t)[| + Y _ [ Hi(x) — Hi(L,0,, )|, (12)
=1 =1

where P is the hand position calculated from arm model, P is the four-bar linkage
grip point position calculated from linkage kinematics, H is the hand orientation
calculated from the arm model, H is the four-bar grip handle orientation calculated
from linkage kinematics, L are four-bar link lengths, 6; is the ith crank rotation
angle, M, = T *frequency; is the total number of hand position outputs for
objective function J;, and T is the total time for one complete rotation.

3.2.3. Constraints
The joint angles are subject to joint angle limit constraints as
9" <q(x) <q", (13)

where q* and qU are lower and upper joint angle limits obtained from the

literature.?>~40
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Arm gravity support force

.S

Grip point trajectory t/’ \

Handle tangential drag force

Fig. 5. Hand reaction forces.

3.3. Hand reaction forces

The crank motor drives the four-bar coupler handle which interacts with the
patient’s hand. We assume there are two types of reaction forces applied on the hand
at any time instant: one is the supporting force to balance the static weight of the
arm pivoting about the shoulder, and the other is the handle dragging force along the
tangential direction of the grip point trajectory as shown in Fig. 5.

In this study, a 30 N constant tangential drag force is used for four-bar linkage
design. The upward supporting force is calculated at every time instant to balance
the static arm moment equation at shoulder.

4. OpenSim Shoulder Model and Static Optimization

The musculoskeletal biomechanical analysis was performed using OpenSim.*! Open-
Sim is a widely used open-sourced biomechanical software package for modeling,
simulation, and analysis of neuromusculoskeletal systems. The static optimization
tool of OpenSim is utilized to calculate the muscle forces for GA objective function.

4.1. An OpenSim musculoskeletal shoulder model

In this study, a modified Wu shoulder model*? as shown in Fig. 6 is employed, which
has 5 segments and 12 DOFs. The model was actuated by 36 Hill-type muscle-tendon
units. The model was developed and modified using OpenSim. The shoulder
abduction—adduction and flexion—extension movements of the Wu shoulder model*
were generated by four complex joints: glenohumeral, scapulothoracic, sternoclavi-
cular, and acromioclavicular joints. The 3D skeletal arm model cannot mimic these
complex shoulder joints. Instead, we added 2 simplified DOF's to the shoulder joint of
the Wu model to match the joint angles and rotational axes with the 3D skeletal
model. One DOF models the simplified abduction-adduction movement and the
other DOF models the simplified flexion—extension movement. We also added 10 new
muscles to the shoulder and elbow joints to make the model suitable for an upper
limb muscle rehabilitation task. Use of these muscles instead of an actuator for the
elbow joint, will reduce the residual actuator value from the elbow during static

2350005-10
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Fig. 6. Modified Wu shoulder model.

optimization. The additional muscles are one brachialis, one lateral triceps, one bicep
longhead, one triceps longhead, one levator scapulae, three superior trapezius, one
traverse trapezius and one inferior trapezius. The muscle properties were taken from
Chadwick/et al."® and van den Bogert et al."* The details of the Wu shoulder model
can be found in Wu et al.*’

4.2. OpenSim static optimization

Static optimization in OpenSim is called to calculate muscle forces. First, the static
optimization calculates the joint torques by plugging the predicted joint angles and
given hand reaction forces into the equations of motion as follows.*’

T =M(q)q+ C(q,q) + G(q) + E(q,9), (14)

where 7 is the muscular joint torque vector, q is the joint angle vector, q and ¢ are
joint velocity and acceleration vectors obtained from B-spline differentiations, M(q)
is the system mass matrix, C(q, q) is the centrifugal and Coriolis force vector, G(q)
is the gravitational loading vector, and E(q, q) is the external force vector.

At the second step, to calculate the muscle activations, the redundant system is
solved at each time step by minimizing the muscle activation subjected to a muscle-
torque equilibrium constraint. The joint torques obtained from the first step will be
used in the constraint.

Find: a

Min J, = (ap,)?
2 ®
s.t.: Z [amf(F?m lma vm)]Tm,j = Tj
m=1

where n is the number of muscles in the model, a,, is the activation level of muscle m
at a discrete time step, F2, is the maximum isometric force, 1, is muscle length, v, is
velocity, f(F2, 1., v,) is the muscle force-length-velocity surface, T 1S its moment

2350005-11
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Static Optimization

Musculoskeletal Shoulder Model

Start time = 0, Finish time =T
/ Modified Wu shoulder model / Cutoff frequency = 6

Arm actuators o
External Forces utput

Joint Muscle activation
] Torque "
Motion and External Force Input Inverse ) » Statie B

dynamics optimization
Arm joint angles "
Hand external forces

Fig. 7. Diagram of OpenSim static optimization API.

arm about the jth joint axis, 7; is the joint torque acting about the jth joint axis, and
p is a user-defined constant. Here, p is 2. After optimization, the muscle force can be

calculated from muscle activation and contraction dynamics.*%*"

4.3. OpenSim application programming interface (API) setup

We used a MATLAB script (MATLAB 2022) to call the OpenSim API static op-
timization (OpenSim 4.3) to calculate muscle forces for each GA optimization iter-
ation. The cut-off frequency was set to 6 Hz. The inputs of static optimization include
the modified Wu shoulder model, joint angles, and hand reaction force profiles. The
outputs are muscle force and activation profiles. The diagram of OpenSim API for
static optimization is depicted in Fig. 7.

5. GA Design Optimization of the Four-bar Mechanism
5.1. GA optimization procedures

The GA in MATLAB is used to optimize the four-bar link lengths for upper limb
muscle strength rehabilitation. In each iteration, for a set of link lengths, a complete
coupler point trajectory is first generated from four-bar linkage kinematics. Then
arm motion prediction is utilized to predict upper limb joint angles. After that, the
predicted joint angles and given hand reaction forces are imported into the OpenSim
musculoskeletal shoulder model to calculate the muscle forces by using the OpenSim
static optimization. Next, GA is used to maximize a specific muscle exertion and
minimize all other muscle exertions for a complete arm rotation. If the convergence
condition is satisfied, the GA optimization stops, otherwise an inner loop is employed
to restart the optimization. These procedures are depicted in Fig. 8.

5.2. GA optimization formulation
5.2.1. Design variables

In this study, the ground (I;) and crank (%) link lengths are given and fixed. The
design variables are the rocker link length (I, =) and three coupler lengths
(lcl = 137 lc2 = l5, lc3 = lﬁ) Therefore, X = [l3 l4 l5 ZS]T
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| Define GA control parameters |

| Generate initial population of link lengths |

—~| Four-bar kinematics I

| Arm motion prediction |

| OpenSim static optimization |

Evaluate fitness for each
individual

No Convergence ?

(outer loop)

Selection and crossover
(use elitism)

Restart
(use elitism)

Convergence ?
(inner loop)

Fig. 8. GA-based four-bar design procedures.

5.2.2. Objective function

Two cases are studied in this work: one is to design a four-bar linkage to exercise the
anterior deltoid muscle and the other is to design a four-bar linkage to exercise the
lateral triceps muscle. Therefore, two different objective functions are proposed to
practice two different muscles as follows:

Nout Nout

: _ 2 2
Min J3 =—-N § fi_DELTantcrior +N fi_DELTlateral
=1 =1

Nout

+ N Z fiz_DELTpostcrior +N
i=1

Nout

f 2
1_BIClong
=1

N,

out

+ N Z f i2_TRHong + N
i=1

fi2_TRIh1t ) (16)

where N, = T * frequency, is the total number of muscle force outputs for the
objective function J3, N(-) is the normalization operator, and frequency, is the
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muscle force data output frequency. The function J; maximizes the anterior deltoid
muscle force while minimizing other major muscle forces.

Nout Nout
s _ 2 : 2 E 2
Min J4 =N f i_DELTanterior +N f i—DELTlateral
i=1 =1

N,

out

E 2
+ N fi_DELTpostcrior +N
=1

N,

out

f 2
i-BIClong
i=1

N,

out

+ N Z fi2_TRIlong -N fiQ_TRIIat (17)

i=1

where J; maximizes the lateral triceps muscle force while minimizing other major
muscle forces. Note that the minimization is transformed into the maximization by
multiplying a negative sign to the corresponding muscle forces in Egs. (16) and (17).

5.2.3. Constraints
The link length limits are imposed as
xl <x <xV, (18)

where x and xV are lower and upper bounds of link lengths. Note that the coupler
(&) and rocker (;) link lengths’ lower and upper bounds should be chosen to satisfy
the four-bar linkage Grashof’s law®' to generate a complete crank rotation. In
addition, the coupler (f) link length limits depend on the other two coupler link
lengths because they should build a coupler triangle.

6. Results

The following GA parameters are used in MATLAB: population size is 30 for each
generation, the maximum generation is 100, the fitness function tolerance is 1074,
and other parameters use the default values. The total time for a complete rotation is
T=4 s. For arm motion prediction Mout = T X frequency; =4 x 3 =12 in
Eq. (12), and for GA muscle force maximization Nout = T X frequency, =4 x 10 =
40 in Egs. (16) and (17).

6.1. Case 1: Design four-bar linkage to maximize anterior deltoid
muscle force

For this case, the objective function Eq. (16) is used in the GA optimization for-
mulation. It takes about 16.5h for the GA to converge on a desktop computer
with an Intel(R) Xeon(R) CPU E3-1270 v6 @3.80 GHz and 16 G RAM. The con-
vergence history is depicted in Fig. 9. The optimal solution is L =
[0.3500, 0.1150, 0.3500, 0.1203, 0.1106, 0.2407]" meters. Note that , and b
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Best: 0.723118 Mean: 0.723938

Best fitness
Mean fitness

Fitness value
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Fig. 9. GA convergence history for anterior deltoid muscle exercise (the upper dot line is the mean fitness,
and the lower dot line is the best fitness).

are fixed and not optimized in this study. The optimal arm joint angle and torque
profiles are shown in Fig. 10. The optimal muscle activations and forces are depicted
in Fig. 11. The snapshots of the anterior deltoid rehabilitation arm exercise machine
are shown in Fig. 12.

6.2. Case 2: Design four-bar linkage to maximize lateral triceps
muscle force

For this case, the objective function Eq. (17) is used in the GA optimization for-
mulation. It took about 12 h for the GA to converge on a desktop computer with the
same configuration as the case 1. The convergence history is depicted in Fig. 13.
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Fig. 13.  GA convergence history for lateral triceps muscle exercise (the upper dot line is the mean fitness,
and the lower dot line is the best fitness).

The optimal solution is L = [0.3500, 0.1150, 0.3664, 0.1675, 0.1933, 0.4139]7"
meters. Again, [, and [, are directly given and not optimized. The optimal arm joint
angle and torque profiles are shown in Fig. 14. The optimal muscle activations and
forces are depicted in Fig. 15. The snapshots of the lateral triceps rehabilitation arm
exercise machine are shown in Fig. 16.

The skeleton model used in the simulation had dimensions based on the an-
thropometric data from the 50th percentile adult man.** The mounting position for
the four-bar linkage on the simulated table was kept constant in all trials. The user’s
height and arm length as well as the four-bar mounting position and the relative
position of the chair and table will affect the results of the simulation. These variables
must be controlled in clinical applications to match the parameters from the
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Fig. 14. Joint angle (a) and torque (b) profiles for lateral triceps muscle exercise.
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Fig. 15. Muscle activation (a) and force (b) profiles for lateral triceps muscle exercise.
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Fig. 16. Snapshots of arm rotation with optimal four-bar linkage design for lateral triceps muscle
rehabilitation.
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simulation. In this study, only one set of relative positions of the chair and table is
used in the simulation. Variations of these dimensions will affect the simulation
results. However, these dimensions are input parameters for the simulation. The
simulation results can be easily updated based on different input parameters. The
effect of varying these parameters on the rehabilitation quality could be studied in
the future.

7. Discussion and Conclusions

In this study, we presented a new GA-based human-in-the-loop design method to
optimize a four-bar linkage for upper limb muscle strength rehabilitation. The
developed method efficiently integrated GA optimization with four-bar linkage ki-
nematics, arm motion prediction, and OpenSim static optimization. The designed
four-bar linkage medical device is subject-specific and muscle-specific. The proposed
design method was demonstrated by optimizing two four-bar linkages for anterior
deltoid and lateral triceps muscle exercises. The optimal four-bar link lengths were
successfully obtained by solving a GA optimization problem. The GA convergence
histories are shown in Figs. 9 and 13.

The hand and four-bar interaction forces were decomposed as an upward support
force and a tangential drag force at every time instant. The arm motion prediction
problem was solved by using the MATLAB fmincon solver to find the optimal joint
angle profiles. Then the joint angle profiles and hand reaction forces were inputted
into a 3D musculoskeletal shoulder model in OpenSim to calculate joint torques,
muscle activations, and muscle forces. The GA successfully optimized arm motion
and joint torque profiles (Figs. 10 and 14), and muscle activation and muscle force
profiles (Figs. 11 and 15) for both the anterior deltoid muscle and the lateral triceps
muscle strength exercises.

Since different cost functions were used for different muscle strength rehabilitation,
the predicted muscle forces were different. For lateral triceps muscle rehabilitation, it
is seen that the predicted peak value of the lateral triceps muscle force is around 200 N
in Fig. 15(b). In contrast, the peak value of the lateral triceps muscle force for the
anterior deltoid muscle rehabilitation in Fig. 11(b) is around 7N which is much less
than the lateral triceps muscle practice. This clearly demonstrates that the designed
four-bar linkage for lateral triceps muscle practice does maximize the targeted muscle
force. Another observation from Fig. 15(b) is that the lateral triceps muscle exercise
also requires large deltoid muscle force which has a similar peak value as the anterior
deltoid muscle exercise in Fig. 11(b). This can be explained by muscle coupling for
generating the complete four-bar arm rotation, i.e., to exercise certain muscle, some
major muscles must be used to complete the full arm rotation motion, and the
shoulder deltoid muscle is such a major muscle for lateral triceps rehabilitation.

The snapshots of the arm rotations with optimal four-bar linkage designs for
anterior deltoid and lateral triceps muscles were depicted in Figs. 12 and 16. The
repeated cyclic motions were generated for muscle strength practice. It is seen that
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the optimal four-bar linkage configurations for these two cases are different.
Therefore, the generated grip point trajectories are also different.

In summary, it is promising to develop a low-cost and easy-to-use four-bar
medical device for specific upper limb muscle rehabilitation. The proposed GA-based
human-in-the-loop design approach is generic and can be applied to motions for other
medical device designs as well. In the future, we will build a prototype to validate the
simulation results.*® In addition, we will also optimize the tangential hand reaction
force in the GA. It will be interesting to allow negative drag force on the hand, which
indicates a resistive force generated by a motor for upper limb muscle strength
rehabilitation.
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