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Motion Capture-Based Analysis of Human Shoulder
Movement Using a Scapulohumeral Rhythm-Based
Rehabilitation Robot for Frozen Shoulder
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Abstract: This paper presents a motion capture-based evaluation of a rehabilitation robot that
stabilizes the scapula during passive range of motion (PROM) exercises for individuals with frozen
shoulder. The robot consists of a 5 degrees of freedom (DoF) arm unit and a 1-DoF scapular
stabilization mechanism, designed to replicate scapulohumeral rhythm and suppress excessive
scapular elevation. A healthy participant performed normal and frozen shoulder mimic movements
while motion capture (acromion cluster method) and encoder data were recorded. To evaluate motion
consistency, humeral elevation and scapular upward rotation were measured across repeated trials.
Deviations remained within 3.73° and 4.69°, respectively, regardless of conditions. Robot joint
movements did not correspond one-to-one with anatomical joint angles, instead reflecting composite
upper body motion including trunk compensation. With scapular stabilization activated, compen-
satory shrugging was reduced and near-normal shoulder motion observed; without it, scapular
motion resembled that of the frozen-shoulder mimic. These findings suggest that the robot can guide
individualized PROM and support safe, consistent scapulohumeral rhythm training for shoulder
rehabilitation.
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Record & control scapula
C to control compensatory movement

lion exercise

[Fig. 1] Proposed rehabilitation robot developed for frozen
shoulder patients, illustrating its primary features and functions
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[Fig. 2] Shoulder anatomy and scapulohumeral rhythm. As the
humerus elevates, the scapula undergoes upward rotation
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Body leaning

(a) Normal shoulder (b) Frozen shoulder

[Fig. 3] Compensatory movements exhibited by frozen shoulder
patients during shoulder abduction, arising from limited range
of motion
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[Fig. 4] Overview of the robot’s configuration and its primary
functional components
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[Table 1] Mapping between robot joints and corresponding
shoulder motions

Joint Targeted shoulder movement

Press | Scapular elevation / upward rotation with direct contact

1 Scapular protraction / retraction

Scapular elevation / upward rotation

2 . . . .
with gravity /friction compensation
Abduction / adduction
4 Flexion / extension

External / internal rotation

28] (flexion), 2] 3] A (external rotation) 5 J7]12] T} 71A] 5=
8 AU U BEAENEE FRA AAE 7R
‘7Aoo, ®E S3} AA o) 2l A S-S FEstaL 7t o] =
Q402 A5 4 Y 5tk BEY HAH 5L 15H
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scapular motion

[Fig. 5] Effect of scapular suppression. Comparison of shoulder
shrugging with and without the suppression(limiter) mechanism
in frozen shoulder patients
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: . Change robot configuration
Adjust linkage length .
Sl for otherside arm

| T

Setting neutral Setting neutral
for normal arm for affected arm

!

Record phase
(Record normal motion)

+
Playback phase
(Guide affected arm in
normal motion)

[Fig. 6] The step-by-step usage procedure of the rehabilitation robot
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[Fig. 7] motion capture markers attached to the subject’s body
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[Fig. 8] Pre-calibration data capture using the calibration wand
to locate the acromion angle (AA)
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[Fig. 9] Participant in motion capture environment
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[Table 2] Local coordinate system for each segment. MUTHX = mid-point between 1J and CY, MLTHX = mid-point between PX and
T8, AC = Acromioclavicular joint, AA = Acromion angle, AI=Inferior angle, TS =Medial spine, ELJC = elbow joint center / mid-point

between EL and EM
Origin X Y z
MUTHX— MLTHX 1J—cr
Thorax v K= Yix4 I MUTHX— MLTHX | T —crn
. B B _AC-SC
Clavicle SC X =Y, X7, Y.=2Z, XX, 20—7“140_50“
AA— AT AA-TS
X =——""XZ Y =7 XX, =0
Scapula | AA T Tas—ar 4 T ARK VT
EL—EM CH— ELJC
Humerus GH X = TR Yo = T em= ELoT 4 =X n,
[Table 3] Euler angles and their corresponding movements when the values are positive
Reference axis 1st Euler 2nd Euler 3rd Euler Euler order
Lateral flexi
Thorax 1* frame of Thorax Extension ate'r 2 ex.l on Axial rotation to left Z—-X-Y
rotation to right
. . . Axial rotation of the toj
Clavicle Thorax Protraction Depression P Y—-X-Z2
backwards
Scapula Thorax Protraction Downward Rotation Posterior tilt Y-X—Z
Humerus Thorax Plane of elevation Depression Internal rotation Y-X-Y
Humerus Scapula Plane of elevation Depression Internal rotation Y-X-Y
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[Fig. 10] Limiting shoulder range of motion with straps to
mimic frozen shoulder conditions

(b) Flexion
[Fig. 11] The robot performing abduction and flexion

(a) Abduction
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mmmm Frozen arm
simulated

mmmm Normal arm

Guided without
suppression

mmmm Guided with
suppression

(a) Joint | - Protraction, Data Enc

(= L ]

Angle (degrees)

-1

(b) Scapula protraction relative to thorax, Data:MoCap

30

20

(¢) Throax axial rotation to left relative to thorax st frame, Data:MoCap

10
(
O%Q
-10 - - ;
0 1 2

3 4 5

Time (seconds)

(A) Abduction

(B} Flexion

[Fig. 12] Comparison of scapular protraction/retraction measured by motion capture (MoCap) and robot encoder (Enc). Despite 3-8°
movement detected by MoCap, Joint 1 showed minimal or opposite displacement, likely due to compensatory trunk rotation and
incomplete torso fixation. Solid lines indicate the average, and shaded areas represent the standard deviation
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[Fig. 13] Comparison of scapular upward rotation and shoulder elevation from motion capture and robot data. Joint press and Joint 2
responded differently to vertical motion. Joint press followed scapular/clavicular rotation with some discrepancy due to trunk
compensation, while Joint 2 showed limited correlation, likely from gravity compensation limits. Scapular upward rotation remained

reproducible within a 4.69° deviation
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[Fig. 14] Comparison of humeral elevation from motion capture and robot encoder data. Joint 3 and Joint 4 showed discrepancies from
MoCap measurements, especially in the frozen shoulder mimic condition, likely due to trunk compensation. Humeral motion remained

consistent across trials (3.73°)
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[Fig. 15] Scapular upward rotation relative to humeral elevation
across experimental conditions. Activating scapular suppression
(guided with suppression) maintained near-normal rhythm,
while disabling it (guided without suppression) led to motion
resembling the frozen shoulder mimic. Solid lines indicate the
average; shaded areas represent the standard deviation
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