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Development of Passive Hip-Exoskeleton to Prevent Back Pain during
Lifting Work with Cam Mechanism
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This paper deals with the development of a passive modular hip exoskeleton system aimed at preventing musculoskeletal
low back pain, which commonly occurs in heavy weight transport workers, by improving back muscle strength. The passive
exoskeleton system has the advantage of being lightweight, making it suitable for modular exoskeleton systems. The cam
and spring actuator designed in this study was applied to the passive modular exoskeleton system to build human hip and
lumbar muscle strength. In order to evaluate the effectiveness of the passive modular exoskeleton system, a test was
performed in which a subject lifted a 15 kg weight three times in a stoop posture, using heart rate measurement and Borg
scale recording. According to the results, all subjects showed 26.83% lower maximum heart rate and 34.73% lower
average heart rate than those who did not wear the system, and Borg scale evaluation result was lower. All subjects wore
this system and did not experience back pain during the experiment. Through this study, we validated the effectiveness of
the passive modular exoskeleton system and proved that this system can build the strength of industrial workers and be a
solution to prevent musculoskeletal lumbar disease.
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NOMENCLATURE k = Spring Constant [N/mm]
kyq = Selected Spring Constant [N/mm]

Tobj = Actuator Objective Torque [Nm] f(6) = Spring Displacement Function [mm]
Tactator = System Torque of Manual Actuator [Nm] a = Scaling Constant
0 = Cam Rotation Angle (= Hip Joint Rotation Angle) [°] g(6) = Scaled Spring Displacement Function
f, = Cam, Cam Followers Surface Contact Force [N] 1, = Cam Base Circle Radius [mm]
I = Cam Moment Arm [mm] ry = Cam Follower Radius [mm]
r = Distance between Cam and Cam Follower Center [mm)] 1, = Cam Radius [mm]
F, = Spring Force [N] h(6) = Extra Range Spring Displacement Function
o, = Cam Pressure Angle [°] n = Order of h(0) (Higher-Order Function)

1y = Cam Follower Radius [mm]
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Table 1 Human upper body mass & COM (Center of Mass)

Table 2 Preference of gravity compensate rate

Age 14-19 20-29 30-39 A[%] B[%] C[%] DI[%] E[%] Avg.[%]
Okg, 5kmh 20 10 20 0 10 12
po/c Avg. p!))/c Avg. ;())/c Avg. &
[%] [70] [7o] 15kg, Skm/h 30 30 40 20 20 28
Mass o a4 674 4882 71 5374
[ke]
COM AABE Ex10] A2 o] ©a]l ukEEo =z 3L Ao
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6=90 Upper body extension

Fig. 1 Supporting model of human body at body angle 90 degree
(Left) and human body extension (Right) in stoop lifting
work
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Fig. 2 Relation of radius in cam mechanism
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Table 3 Comparison between springs for passive actuator'® (Adapted
from Ref. 19 on the basis of OA)

External Free Spring Maximum  Required
diameter length constant displacement displacement

[mm] [mm] [N/mm] [mm] [mm]
TH30X100 30 100  110.19 24 23.35
TH30X125 30 125 88.15 30 26.10
TH30X150 30 150  73.46 36 28.59
TB27X125 27 125 113.78 25 22.97
TB27X150 27 150  94.81 30 25.17
TB30X90 30 90 196.3 18 17.49
TB30X100 30 100 176.67 20 18.44
TB30X125 30 125  141.33 25 20.61
TB30X150 30 150  117.78 30 22.58
SWB25X125 25 150  96.04 25 25.01
SWB25X150 25 175 80.07 30 27.39
Tactuator = Fol - tana, = oS- = K@) (5)
Fs = Kkf(8) (6)
f(6) =r—rn @)
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, _ V2F
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Table 4 Design parameters data

Sign Design parameter Value
muppcr
Upper body mass 53.74
dupper
[mm] Upper body COM 378.19
agravily . .
[m/] Acceleration of gravity 9.81
k .
[N/mm] Temporary spring constant 30,000
kq .
[N/mm] Selected spring constant 141.33
a Scaling constant 14.5695
t Cam follower radius 8
[mm]
o Cam initial radius 17
[mm]
ocp:m Cam & cam follower Maximum 302336
[°] contact angle
Lrea Distance of loading test 153
[mm]

Cam radius, displacement, Derivative
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Fig. 3 Profile of cam radius, displacement, derivative about angle of
cam rotation
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Fig. 5 Entire model of passive hip-exoskeleton. (Red-point means
supporting direction of fixation) (Left), Wearing exoskeleton
system (Right)
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Fig. 6 Passive actuator module test, Test environment setting (Left),
Actuator module test (Right)

Table 5 Modified borg scale

RPE Level description
scale
10 Feels almost impossible to keep going.
Completely out of breath
9 Very difficult to maintain exercise intensity.
Can barely breath and speak only a few words
78 Borderline uncomfortable.
Short or breath, can speak a sentence
Breathing heavily, still somewhat comfortable,
4-6 . ; -
but becoming noticeably more challenging
Breathing heavily, still somewhat comfortable,
2-3 . ; -
but becoming noticeably more challenging
1 Feel like you can maintain for hours
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Fig. 7 Picture of environment for experiment

Table 6 Increases of each parameter from starting heart rate of
subjects

With exoskeleton
A B C D E A B C D E

Without exoskeleton

Maximum heart rate

80 B /0 Exo
[ With Exo
60
1S
Q 40
O
20
0
1 2 3 4 5

Average heartrate

60 B W/ Exo
[ With Exo
40
20
0
1 2 3 4 5

Fig. 8 Heart rate change before and after using exoskeleton

bpm

(Maximum heart rate increase (Top), Average heart rate

1 97 166 69 147 50 96 142 46 131 35 .
increase (Bottom))

2 98 154 56 138 40 99 142 43 124 25

3 78 133 55 123 45 71 114 43 104 33 Table 7 Result of borg scale

4 87 159 72 134 47 73 137 64 114 41 Borg scale level Painful area

5 8 156 76 137 57 98 142 44 120 22 With Exo.  W/O Exo.  With Exo. ~ W/O Exo.
Avg. - - 656 - 478 - - 48 - 312 1 4 8 K L,A K
A: Resting heart rate 2 7 8 A L, A
B: Maximum hea.rt rate 3 5 7 A K LK
C: Increased maximum heart rate (B-A)
D: Average heart rate 4 6 8 A L
E: Increased average heart rate (D-A) 5 7 9 A L

Unit: bpm
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A: Arm, K: Knee, L: Lumbar
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