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Achieving Mechanical Transparency Using Fusion Hybrid Linear
Actuator for Shoulder Flexion and Extension in Exoskeleton Robot
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Abstract— Recently, the importance of mechanical trans-
parency in human-assistive robots has grown. Traditionally, its
primary goal was minimizing interaction forces during assis-
tance. However, under this conventional definition, mechanical
transparency was not considered when an interaction force was
required during assistance. This research focuses on achieving
mechanical transparency within the context of shoulder motion
in upper extremity exoskeletons for rehabilitation. Our primary
goal is maintaining interaction forces at target values, even
with motion disturbances. To this end, we developed a shoul-
der actuation testbed for exoskeletons, incorporating a fusion
hybrid linear actuator distinguished by high back-drivability,
robust torque generation capability, and safety features. To
attain mechanical transparency, we created a model for cal-
culating the required joint torque, accounting for gravitational
dynamics, and subsequently determined the necessary actuator
output. The system characteristics were evaluated based on the
joint torque generated by the actuator. The actuator utilized
pneumatic pressure to generate force and compensated for
kinetic friction using electromagnetic forces. The results showed
that the compensation by the electromagnetic force reduced
the root mean square error of the torque to less than 60% in
relation to pneumatic pressure alone. This demonstrated the
ability to generate consistent torque with high robustness to
motion disturbances.

I. INTRODUCTION

Stroke, the second leading cause of death worldwide,
affects more than 12 million people annually, and more than
half succumb to it [1][2]. Stroke survivors often experience
adverse effects. Approximately 70% of post-stroke patients
experience impaired arm function, with hemiplegia being the
most common sequela [3]. Several guidelines recommend
early and repeated rehabilitation for hemiplegia consider-
ing the plasticity of the brain in neurorehabilitation [3][4].
However, for reasons such as a shortage of therapists and
difficulties in securing treatment time, it is challenging for
patients to receive adequate rehabilitation. Therefore, there
is potential for patients to perform high-quality rehabilitation
on their own by using rehabilitation robots, thus addressing
the need for repetitive therapy.
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Fig. 1: Concept of ‘transparency’ in human-assistive rehabil-
itation robots: (a) Conventional robot: The robot’s inherent
dynamics constrain the user’s movement. (b) Conventional
transparency concept: Interaction force between the robot
and the user is zero, suggesting no physical assistance.
(c) Proposed transparency concept for essential human-
assistance: Despite the presence of an interaction force
indicating assistance, the robot’s inherent dynamics do not
constrain the user’s movement.

Shoulder rehabilitation is essential for supporting the full
weight of the upper extremities during hand movements to
perform activities of daily living. In addition, several studies
have demonstrated the effectiveness of patient-driven control
[5], where robots support the patient’s voluntary movements,
in the control strategy of rehabilitation robots. T-Wrex [6] or
L-Exos [7] have demonstrated the effectiveness of supporting
for the patient’s arm weight, while ARMin [8] has demon-
strated the benefits of intensive rehabilitation by switching
between robot- and patient-initiated control, and BONES
[9] or Pneu-Wrex [10] have demonstrated the effectiveness
of assist-as-needed control strategies, which assist with the
required amount of force. Furthermore, the safety of the
robot—patient interaction should be of particular concern
considering that patients have reduced motor function in
relation to healthy individuals [11]. Therefore, inherent back-
drivability is essential. In this study, we aimed to achieve a
high output torque to support the upper limb under gravity
compensation and a robust output torque against motion
disturbances while maintaining intrinsic back-drivability.
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Fig. 1(a)-1(c) illustrates the concept of ‘transparency’ in
human-assistive rehabilitation robots. As shown in Fig. 1(a),
a conventional challenge in assistive robots is the impact
of the robot’s inherent dynamics on a user when wearing
a robot. As shown in Fig. 1(b), conventional mechanical
transparency is a concept in which a robot does not affect
the user as if it were transparent. Previous research evalu-
ated this mechanical transparency by setting the interaction
force between the robot and wearer to zero. However, the
mechanical transparency when rehabilitation robots assist the
wearer’s movements has not been thoroughly investigated. In
other words, mechanical transparency during the generation
of assistive forces by the drive system of a robot has not been
sufficiently discussed. As shown in Fig. 1(c), our research
fundamentally focuses on generating interaction forces while
ensuring that the dynamics of the robot do not constrain the
user’s movement.

The previously developed integrated pneumatic—
electromagnetic hybrid linear actuator (iPEHLA) [12],
which is a realization of the innovative concept of fusion
hybrid linear actuator [13], outputs the base force by
pneumatic force and compensates for mechanical losses
using an electromagnetic force, enabling increased precision
of force control. iPEHLA achieves high back-drivability
by fusing two direct-drive linear actuators, that is, an air
cylinder and a linear motor. It has been demonstrated that
iPEHLA can maintain a constant force against motion
disturbances affecting the mover by compensating for
kinetic friction in the cylinder with electromagnetic forces.
However, as iPEHLA is a linear actuator, its application to
rotary-drive joints is not a trivial problem. In this study,
we developed a shoulder actuation testbed for exoskeletons
using iPEHLA to achieve a robust torque output in the joint
against motion disturbances.

1) We expanded the conventional definition of mechanical
transparency and focused on a new concept where the
interaction force is maintained as desired even under
motion disturbances.

2) A shoulder actuation testbed driven by a fusion hybrid
actuator was developed for an exoskeleton for flexion
and extension rehabilitation.

3) A torque generation model for the testbed was created.

4) An experimental setup and evaluation system were
developed to evaluate the characteristics of the test bed
in response to motion disturbances, and the accuracy
of force control between the pneumatic-only force
control and force control combining pneumatic and
electromagnetic forces was compared.

II. SHOULDER ACTUATION TESTBED FOR EXOSKELETON

This section introduces the concept and design of the
testbed and the process of deriving the torque generation
model.

A. Concept

This study developed a shoulder actuation testbed for the
exoskeleton. The shoulder actuation testbed for the exoskele-

Fig. 2: Motion range of the shoulder joint mechanism.

ton comprised a shoulder joint mechanism and its driving
actuator designed for the rehabilitation of flexion and exten-
sion motions in upper extremity exoskeletons. The testbed
was designed to provide sufficient torque to lift the upper
arm, achieve robust torque against motion disturbances, and
be inherently safe to operate without mechanical constraints.

Co-author Noda has previously proposed several pneumat-
ically driven exoskeletons, and although they achieved inher-
ent back-drivability using pneumatic systems, their torque
control performance was insufficient. In the exoskeleton that
uses an air cylinder [14] to provide sufficient torque and
safety, force hysteresis owing to kinetic friction between the
cylinder and piston makes it difficult to generate a robust
force against motion disturbances. Furthermore, an exoskele-
ton mechanism employing a hybrid pneumatic—electric drive
to compensate for the pneumatic artificial muscle output
using geared motors was developed [15]. This exoskeleton
achieves consistent back-drivability by setting a lower gear-
reduction ratio for the motors. However, this comes with the
challenge of complex transmission mechanisms required to
synthesize torque. iPEHLA has the potential to address these
issues by synthesizing pneumatic and electromagnetic forces
while maintaining high back-drivability without the use of a
reduction gear.

B. Design

Fig. 2 shows the testbed in action. The fixed portion of
iPEHLA rotates freely on the vertical plane according to the
angle of the arm. This angle is limited to # = 90°, which
corresponds to the horizontal plane, by a physical lock in the
shoulder joint.

Fig. 3 shows the structure of the iPEHLA used in the
testbed developed in this study. iPEHLA has an integrated
structure in which the pneumatic and electromagnetic actua-
tors share moving parts (piston and permanent magnet array)
and moving spaces (cylinder and winding). Because iPEHLA
does not use mechanical elements for force synthesis, there
is little energy loss, and it has inherent back-drivability. Its
volume is smaller than the sum of an air cylinder and an
electromagnetic actuator, making it easy to mount on a robot.
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Fig. 4: Schematic of the testbed.

iPEHLA outputs the base force using pneumatic force and
compensates for the output using the electromagnetic force.

iPEHLA, previously reported by co-authors Nakata et al.,
was realized by modifying a commercially available actuator.
On the other hand, the actuator used in this study was
newly designed and prototyped. The mover configuration
was also optimized because the motion range of iPEHLA
is limited by the permanent magnet attached to the shaft.
Building upon the foundation of a previous design [13],
we halved the number of permanent magnets from eight
to four. This reduction was strategically chosen to expand
the actuator’s range of motion while still retaining adequate
electromagnetic force for friction compensation. Since the
number of magnets was halved, the electromagnetic force
constant was treated as 4.0 N/A, which is half of the 8.02
N/A of the previous model [13]. Furthermore, machine-
wound coils were used to improve the number of turns
and reduce manufacturing issues when the coils were hand-
wound.

C. Control

1) Torque Generation Model: Fig. 4 shows the testbed
schematic and parameters. The testbed had three joints; Jg

TABLE I: Parameters of the testbed.

Symbol  Description Value
Mmover  IPEHLA mover mass 0.144 kg
Mistator iPEHLA stator mass 0.751 kg
s Contact area between sealing fin and cylinder 20.6 mm?
e Angle of testbed’s shape 44°

B8 Angle of testbed’s shape 33°

r Distance between Jg and J; 128 mm
l Distance between Jg and Jo 190 mm
Ipiston Distance between J; and center of piston 257 mm

was the shoulder joint, and J; and J, mounted iPEHLA on the
testbed. The shoulder joint J; was structured in two stages,
with a torque sensor placed between the upper and lower
aluminum frames. iPEHLA was connected to the lower frame
by the joint J;, and the human arm was in contact with the
upper frame. iPEHLA was mounted to the frame at joint J,
and was free to rotate to match the angle of the arm. Table I
summarizes the parameters of the testbed. The equations of
motion of the robot can be expressed as

Iarmé + ngtrm(a) = Tint + TJs (1)

where Iy, is the moment of inertia around the shoulder joint
of the robot arm, Ty ,m is the torque around the shoulder
joint due to gravity on the upper frame, 7y, is the interaction
torque between the human and robot arms, and 7y is the
output torque of the robot’s shoulder joint. The friction of
the rotating bearings was neglected in this model. 7y is
represented by equation (2). In this study, we aimed to keep
it constant under motion disturbances.

Ty = 1 (Fhsin g + F, cos ¢) + 1515(0) + 1i3s(0)  (2)
where 7 is the distance between J and Jq, Fy, is the force that
iPEHLA exerts on J; along the shaft advancing direction, Fy
is the force that iPEHLA exerts on J; perpendicular to the
shaft direction, and 7, 5, and 7y are the torque around the
shoulder joint due to gravity and inertia on the lower frame,
respectively. ¢ can be expressed as

r—lcos (0 —a+f)
V2 + 12 —2rlcos (0 — a+ B)

where [ is the distance between J; and J,, and « and [ are
the angles shown in Fig. 4.

¢(0) = arccos (3)

F, can be expressed as

)
F, = Fyau — T 4)

where Fj . is the component of F, due to gravity on
iPEHLA, I, is the moment of inertia around the Jo joint
of iPEHLA, and 0, is the angle of iPEHLA. F, . can be
expressed as

lg,act (x) (

Fg,act(e) = Mistator 1 mmover) g cos (0act)

(&)

where 6, (0) =0+ ¢ —a — T

2
where z is the distance between J; and J1, [, o is the distance
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Fig. 5: Block diagram of the testbed system.

TABLE II: Parameters of the kinetic friction model.

Symbol  Description Value

s Static friction coefficient 0.272

e Coulomb friction coefficient 0.170
Contact force of the moving part to the stator

Fo atPp=Py,=0and F, =0 143N

Vg Stribeck velocity 0.00132 m/s

P Viscous friction coefficient 0.00 Ns/m

between J; and the iPEHLA center of gravity, and miaeor and
Mmover are the stator and mover masses, respectively.
Fi, can be expressed as

Fh = Fp + Fe - Fk - frnmover-i — Mmoverd sin (eact) (6)

where F, and F; are the pneumatic and electromagnetic
outputs, and Fy is the kinetic friction force occurring at the
contact area between the mover and stator.

2) Kinetic Friction Model: The mover and stator were
fluid-lubricated with silicon grease. The kinetic friction
model, F, considering the Stribeck effect proposed by
Canudas de Wit et al. [16] is expressed as

Fyx = Fesgn(d) + (Fs — Fc)e*(i/vsfsgn(:'v) + o9t (7)

where Fc is the Coulomb friction force, Fyg is the static
friction force, vy is the Stribeck velocity, and o is the viscous
friction coefficient. Co-authors Nakata et al. [13] re-modeled
the kinetic friction by considering the change in the contact
force of the sealing fin on the cylinder owing to the change
in the pressure in the cylinder.

F (&, P) = uc(s- P+ Fy)sgn (&)
+ (us — pic) (s - P+ Fo)e™ @™ sgn (i) (®)
+ o9k

where pc and pg are the Coulomb and static friction coeffi-
cients, respectively, s is the contact area between the sealing
fin and cylinder, and Fj is the contact force of the mover to
the stator at P = 0 (atmosphere condition).

Because air chambers on both sides of the iPEHLA were
used in this testbed, it was necessary to consider the changes
in the contact force of the sealing fins to the cylinder owing
to the changes in the air pressure on both sides. In addition,
the contact force between the mover and stator increased
owing to the support reaction force of Fy. Assuming that the
shaft is simply supported at two points, the piston-cylinder

Torque sensor

Rotary encoder in the joint ‘

Linear encoder

Moving
direction

G

Fig. 6: Photograph of the experimental setup.

and shaft-packing, (8) can be re-written as
Fx (.Z", Py, Py, 9) = NCFcomacthn ((,E)

. 2 .
+ (s — 1e) Fcontactei(x/vs) sgn ()
+ o9k
where Fcontactzs'(Pl +P2)+F0+Fv1 + Fio
Fvl - {lpiston/(lpiston - LE)}F\,
FV2 = {z/(lpiston - I)}Fv
where P; and P, are the pressure of the air chamber on
the rod- and the cap-end port sides (Fig. 2), respectively.
Fy is the contact force of the moving part to the stator at
P =P, =0and F, = 0. Fy; and F\, are the support
reaction forces of F, acting between the shaft and packing
and between the piston and cylinder, respectively. Fig. 5
shows the block diagram of the testbed system. Table II
summarizes the parameters of the kinetic friction model.

€))

III. EXPERIMENTS

Among the definitions of mechanical transparency pro-
posed in this study, we evaluated the performance of the
testbed when the target value of the interaction force was
constant. The capability of the testbed to maintain a constant
torque output against motion disturbances was compared for
several conditions and control methods.

A. Experimental Setup

Fig. 6 shows the experimental setup. The testbed of the
robot was fixed to a vertically standing optical surface
plate, and the robot’s arm was manually driven to the beat
of a metronome. Fig. 7 shows the configuration of the
experimental setup. The shoulder joint angle was measured
by using an optical encoder (AEDR-871x, Broadcom Inc.).
The output torque was measured using a torque sensor
(PFS055YA251R6, Leptrino Co., Ltd.) attached to the joint.
The position of the iPEHLA moving part was measured using
a optical encoder (AEDR-871x, Broadcom Inc.). Air pressure
was supplied to the iPEHLA cylinder after reducing the
air pressure from the compressor (SRL-A3.7DVA, Hitachi,
Ltd.) using a regulator (IR2020-02BG-R, SMC Corp.), and
the pressure was controlled using a pressure control valve
(VP5010SBJ111HO0, Norgren Inc.). The data from each
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sensor were recorded on a computer using multi-functional
boards.

B. Model Validation

The torque computed according to the model was com-
pared with the measured torque. In the calculations, the
shoulder joint angular velocity was treated as a constant of
0.25 rad/s, while angular acceleration é, 0o, and iPEHLA
mover acceleration & were assumed to be 0. Additionally,
the measurements were performed in the range of 30° <
0 < 85°, with a target angular velocity of 0.25 rad/s, and a
total of 5 cycles were performed.

Fig. 8 shows a comparison of the calculated and measured
torques. The calculated and measured torques were approxi-
mately in agreement, but a discrepancy was observed in the
range of about 6 > 65°.

C. Evaluation of Output Torque Robustness

We evaluated the output torque when compensation for
the output was performed based on the model validated
in Section III-B. The joint angular velocity was set at
two conditions: slow-condition (target 0.25 rad/s) and fast-
condition (target 0.5 rad/s). The target output torque was set
at three conditions: 0 Nm, 3 Nm, and 6 Nm. These conditions

mmm) Kinetic friction force ==m) Pneumatic force )y Electromagnetic force

P-P control condition P-E control condition

- Permanent |1 < l — Permanent |_1 < '
magnet | _‘% I magnet | j% I
= array a = array ¢zzz o
&=
{—— Moving direction

Fig. 9: Comparison of control conditions for iPEHLA.

TABLE III: Mean RMSE and mean angular velocity

Conditions Slow, P-P  Slow, P-E  Fast, P-P  Fast, P-E
Mean RMSE [Nm] 0.27 0.16 0.58 0.32
Mean angular velocity [rad/s] 0.31 0.31 0.65 0.66

were determined based on empirical knowledge considering
rehabilitation for moderate hemiplegia Japanese individuals
with standard body shapes.

Two iPEHLA control conditions were established: P—P
and P-E (Fig. 9).

P-P The base force was generated by air pressure,

and the kinetic friction was compensated by air
pressure. P-P (Pneumatic base force — Pneumatic
compensation force) control is achievable using
conventional air cylinders.
The base force was generated by air pressure, and
the kinetic friction was compensated by electro-
magnetic force. P-E (Pneumatic base force — Elec-
tromagnetic compensation force) control is achiev-
able only with iPEHLA.

The base force, Fi,g, was derived from equations (2), (4)
and (6) as follows:

P-E

I base — mmoveri + Mmoverd sin (Gact) + {TJs,target
I actaact

— 1(Fyact — Tiys}/T sin ¢

(10)

where 7y targer 1 the desired torque. In our experiment, the
inertia of the testbed (Iactéact/x, Mmoverd, and 7yjy5) and
gravitational force of the iPEHLA mover along the shaft
direction (Mmoverg Sin (B, )) wWere ignored because they were
very small.

For a total of 12 conditions, measurements were performed
in the range of 30° < # < 85°, and 5 cycles were performed
under each condition.

) COS p — Tg g5 —

D. Results

Fig. 10(a) shows the output torque under the slow-
condition and Fig. 10(b) shows the output torque under the
fast-condition. In this study, we did not consider the static
friction force between the iPEHLA mover and stator, which
resulted in peaks at both ends of the torque loop. Moreover,
the root mean square error (RMSE) of the output torque
from the target torque for each condition and direction of
movement is shown in Fig. 10(c). However, to assess the
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dynamic state excluding the influence of peaks, the RMSE
was calculated within the range of 35° < 6 < 80°.

The RMSE of the output torque tended to increase with an
increase in the angular velocity or target torque. The mean
values of the RMSE and angular velocity for each angular
velocity and control condition are presented in Table III. The
average RMSE under the P-E condition was smaller than that
under the PP condition in both the slow- and fast-conditions.

IV. DISCUSSION

The ratio of the average RMSE for the P-E control con-
dition to that of the P-P control condition (only air utilized
for actuation) was 59% for the slow-condition and 55% for
the fast-condition. This demonstrates the effectiveness of
friction compensation by electromagnetic force, especially at
higher angular velocities. Driving a rehabilitation robot with
iPEHLA is expected to improve the mechanical transparency
of the robot during assistance by maintaining torque at the
target value against motion disturbances while maintaining
inherent back-drivability.

Even in the P-E condition, some deviations from the target
torque remained. This is probably because, in this study, only
kinetic friction compensation was performed using electro-
magnetic forces, and the compensation of pneumatic output
delay for gravity compensation and target torque generation
was not considered. It is expected that by modeling the
pneumatic delay and considering the valve characteristics and
compressibility of air, the torque deviation in P—E control can
be further reduced.

The average angular velocity under the slow-condition was
0.31 rad/s for the P-P condition and 0.31 rad/s for the P—
E condition, showing almost no difference between them.
The average angular velocity under the fast-condition was
0.65 rad/s for the P-P condition and 0.66 rad/s for the P-E
condition, confirming a small difference between the two. In

this experiment, motion disturbances were manually applied
to the upper frame. However, there were no significant
problems when the results for each condition were compared.

Comparing the calculated and measured torque for the
validation of the model, a discrepancy in the range of about
6 > 65° was observed. This occasionally resulted in exces-
sive kinetic friction compensation, as shown in Fig. 10(a) or
Fig. 10(b). It is possible that for a large range of 6, that is,
when z is large, the value of the force applied to the piston,
F,2, becomes significant, potentially causing deformation in
the piston and changing the model. In addition, as the force
applied to the packing, Fy; increased, there was a possibility
that the packing deformed, causing changes to the model.
The relationship between the forces acting perpendicular to
the iPEHLA shaft and the kinetic friction model requires
more detailed investigation in the future.

V. CONCLUSIONS

We focused on a new concept of mechanical transparency
in which the interaction force is maintained as desired, even
under motion disturbances. In addition, a shoulder actuation
testbed was developed for an exoskeleton for shoulder flexion
and extension rehabilitation. It was equipped with iPEHLA,
a fusion hybrid actuator that synthesizes pneumatic and
electromagnetic forces. Furthermore, a model of the drive
joint was created and validated, and the robustness of the
output torque to motion disturbances was investigated when
gravity and kinetic friction were compensated according to
the model. The experimental results suggested that friction
compensation by electromagnetic forces may increase the
robustness of the output to motion disturbances, making the
rehabilitation robot more transparent.

We will soon conduct a clinical trial in a hospital setting
after a detailed study of the model and a review of the
electromagnetic force compensation intervention.
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