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Lumbar spine injuries resulting from heavy or repetitive lifting remain a prevalent concern in workplaces. Back-
support devices have been developed to mitigate these injuries by aiding workers during lifting tasks. However,
existing devices often fall short in providing multidimensional force assistance for asymmetric lifting, an essential
feature for practical workplace use. In addition, validation of device safety across the entire human spine has been
lacking. This paper introduces the Bilateral Back Extensor Exosuit (BBEX), a robotic back-support device designed
to address both functionality and safety concerns. The design of the BBEX draws inspiration from the anatomical
characteristics of the human spine and back extensor muscles. Using a multi-degree-of-freedom architecture and
serially connected linear actuators, the device’s components are strategically arranged to closely mimic the bio-
mechanics of the human spine and back extensor muscles. To establish the efficacy and safety of the BBEX, a series
of experiments with human participants was conducted. Eleven healthy male participants engaged in symmetric
and asymmetric lifting tasks while wearing the BBEX. The results confirm the ability of the BBEX to provide effec-
tive multidimensional force assistance. Moreover, comprehensive safety validation was achieved through analy-
ses of muscle fatigue in the upper and the lower erector spinae muscles, as well as mechanical loading on spinal
joints during both lifting scenarios. By seamlessly integrating functionality inspired by human biomechanics with
a focus on safety, this study offers a promising solution to address the persistent challenge of preventing lumbar

spine injuries in demanding work environments.

INTRODUCTION
Heavy or repetitive lifting-induced lower back injuries are the most
prevalent workplace afflictions and impose substantial physical and
economic strains on individuals, communities, and industries (1-4).
The act of lifting heavy objects subjects the spine to substantial me-
chanical loads, potentially leading to force-triggered conditions, such
as intervertebral disc herniation, prolapse, or protrusion (5-10). Si-
multaneously, repetitive lifting, even with lighter objects, leads to fa-
tigue in the back extensor muscles, resulting in diminished strength
and potential muscle or tendon strains (11-13). These cumulative in-
juries often contribute to the development of low back pain (LBP),
with excessive mechanical loading and muscle fatigue standing out as
prominent risk factors associated with lifting-related LBP (14-16).
Amid their growing popularity for alleviating risk factors and
relieving lower back strain, wearable back-support devices have
encountered substantial challenges, particularly in facilitating
multidimensional movement during asymmetric lifting, a crucial
functionality for their practical application. Notably, although estab-
lished devices like Bendezy, WMRD, BNDR, Waist Power-Assist,
Passive Spine Exoskeleton, RoboMate, SIAT waist EXO, and BackX
(S-model) have demonstrated their effectiveness in assisting unidirec-
tional lifting (specifically flexion/extension in the sagittal plane) (17-
26), they are limited in providing comprehensive multidimensional
support because they do not facilitate the natural movements of the
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torso in multiple directions in their designs. In industrial contexts,
frequent multidimensional lifting demands render such devices less
efficient, hampering overall work performance. Alternatives allowing
multidimensional lower back movements, such as Laevo, Hyundai H-
WEZX, Soft Power Suit, BackX (Model AC), ATOUN, AWN-03 Pana-
sonic, and Hip Joint Exoskeleton, provide solely unidirectional force
assistance (27-32). Owing to a lack of additional degrees of freedom
(DoFs), these devices are ineffective in adequately supporting the
lower back during multidimensional asymmetric lifting scenarios.

Moreover, prior investigations have inadequately addressed the
comprehensive safety validation of back-support devices across the
entirety of the human spine. The conventional safety assessment for
such devices has conventionally centered around the reduction of
joint reaction forces exclusively at the lumbosacral joint (33-35).
However, the potential risk of amplified joint reaction forces on other
spinal segments stemming from the use of assistive devices has often
been overlooked. For instance, assistive devices using hip joint-gen-
erated moments to facilitate back extension may inadvertently elevate
shear forces on the mid-to-upper lumbar joints, given the perpen-
dicular application of assistive forces relative to the spine. Similarly,
assistive devices designed to deliver tensional forces parallel to the
back might exacerbate compression forces if improperly aligned with
the spine, particularly during asymmetric lifting maneuvers. Despite
the emergence of multidimensional support devices like the Lower-
Back Robotic Exoskeleton, SPEXOR, VT-Lowe’, Paexo Back, Spine-
Inspired Continuum Soft Exoskeleton, and ABX (36-43), uncertainty
persists regarding the comprehensive spinal safety ensured by these
devices, owing to the scarcity of biomechanical outcome data in the
limited scope of evaluations.

This study introduces the Bilateral Back Extensor Exosuit (BBEX),
a back-support wearable robotic device aimed at achieving multidi-
mensional force assistance and comprehensive spinal safety. Drawing
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inspiration from the anatomical characteristics of the human spine
and back extensor muscles, the BBEX comprises multi-DoF struc-
tures and serially connected linear actuators specifically arranged to
align with the functional attributes of the human spine and the back
extensor muscles, respectively (Fig. 1). By harnessing its sufficient
DoFs, the BBEX enables natural spinal movement across various
ranges, whereas its assistive forces, in alignment with the back mus-
cles, deliver multidimensional support similar to the actions of these
muscles. This synchronization of forces in the BBEX enables effective
assistance to the back extensor muscles, effectively reducing fatigue
in the back muscles and alleviating compression forces on the spi-
nal joints.

RESULTS

Bilateral Back Extensor Exosuit

The Bilateral Back Extensor Exosuit (BBEX) was named after the
observed morphological and functional similarities between the de-
vice and the human spine, particularly with respect to the back ex-
tensor muscles. For an overview of the BBEX, please refer to movie
S1. The BBEX primarily consisted of vertebra modules, twisted elas-
tic rotary-rail actuators (TERRASs), back interface parts, and electric
components incorporating brushless dc electric motors and force/
torque sensors (Fig. 2). The weight distribution of the BBEX includ-
ed a 0.42-kg battery, a 0.46-kg anchoring suit, and a combined
weight of 4.87 kg for the actuator and the computing board, result-
ing in the total weight of the BBEX of 5.75 kg (Supplementary Meth-
ods and fig. S1). The mechanical implementations of the BBEX are
described in the following subsections.

Design concept

The human spine exhibits a kinematic arrangement characterized by
a series of interconnected rigid structures, enabling complex multi-
DoF movements. Comprising numerous vertebrae and interverte-
bral joints sequentially linked, the human spine represents an
intricate biomechanical design where each intervertebral joint en-
compasses an interbody joint housing an intervertebral disc, accom-
panied by a pair of facet joints. In particular, the compliant and
adaptable composition of the intervertebral disc primarily supports

I. : r —“t Vertebra Block
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Fig. 1. SES mechanism. (A) Configuration of the SES mechanism. (B) The SES mechanism has multi-DoFs as the spine,
and its bilateral actuators can assist (i) flexion-extension, (ii) lateral bending, and (iii) axial rotation motions similar to
back extensor muscles. The red arrows represent the moments generated by back extensor muscles, the blue arrows
represent the moments generated by the SES mechanism, and the gray arrows represent the rotations of the

vertebrae.
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vertebral compression, whereas the facet joints contribute to the ki-
nematic attributes governing bending and twisting motions of the
vertebrae (44-46). These dynamic features, provided by the inter-
play between the disc and the facet joints, grant each vertebra three
rotational DoFs: flexion-extension, lateral bending, and axial rota-
tion. The sequential fusion of these vertebrae enables the multi-DoF
movements of the human spine.

The multi-DoF movements of the human spine are orchestrated
by the back extensor muscles surrounding the spine, among which
the erector spinae muscles play a critical role in this complex inter-
play. These muscles have a bilateral configuration in relation to the
spine, seamlessly integrating with the spinal anatomy within a range
of back movements. This bilateral alignment facilitates the erector
spinae muscles to assist the motions of the spine across various
DoFs, such as extension through bilateral muscle contraction, lat-
eral bending through unilateral contraction of a single muscle, and
axial rotation through contraction in a twisted configuration. The
multi-DoF movements of the spine enable humans to perform
various lifting tasks. In particular, asymmetric lifting requires a
combination of spinal flexion-extension, lateral bending, and axial
rotation. To effectively assist such lifting movements, multidimen-
sional support is essential. When properly applied to the upper
body, multidimensional assistance outperforms unidimensional as-
sistance substantially, resulting in reductions in muscle forces and
joint reaction forces on arbitrary spinal joints (a comparison be-
tween multidimensional assistance and unidimensional assistance
can be found in the Supplementary Discussion and fig. S2).

Leveraging the anatomical characteristics of the human spine
and the erector spinae muscles, we devised a multidimensional as-
sistance mechanism, the secondary erector spinae (SES) mecha-
nism. The SES mechanism is enabled by multiple actuation modules
connected in series, each of which consists of a vertebra block, ball-
and-socket joints, and linear actuators, showing a bilateral configu-
ration analogous to that of the erector spinae muscles (Fig. 1A). The
combination of the ball-and-socket joints and the linear actuators
allows each vertebra block to rotate in three DoFs, closely resem-
bling the mobility of the human vertebra (Fig. 1B, i to iii). Conse-
quently, the SES mechanism aligns with the spine and readily adapts
to the spine’s various movements. More-
over, this kinematic alignment ensures
that the linear actuators of the SES
mechanism kinetically align with the
erector spinae muscles, providing multi-
directional force assistance similar to
those muscles. These assistive forces,
aligned with the erector spinae muscles,
have the potential to effectively reduce
muscle activation and spinal loading
across all spinal joints. We showed that
kinetically aligned assistive forces can al-
leviate both the back muscle forces and
joint compression forces on various spi-
nal joints. Moreover, in the cases where
back muscle forces mainly contribute to
joint shear forces, the assistive forces can
effectively reduce them. This is due to
the external assistive forces generating
increased momentum with the same ap-
plied force, a result of a longer moment
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Fig. 2. Overview and exploded-view of the BBEX. (A) Overview. (B) Exploded view. The blue-colored parts inde-
pendently work as a ball-and-socket joint at the (i) upper, (ii) middle, and (iii) lower modules. (iv) The 4R-TERRA that
creates linear motion by twisting in a helical shape works as a linear actuator. The 4R-TERRA generates a larger force
as its length increases so that the BBEX can efficiently provide a considerable assistive force for flexion posture.

(v) Middle modules have two additional DoFs through the moving blocks.

arm, thereby effectively diminishing muscle forces and their subse-
quent reaction forces (benefit of assistive forces aligned with back
muscles can be found in the Supplementary Discussion and fig. S3).
Vertebra module

The vertebra module was designed to integrate both the vertebra
block and ball-socket joint for the SES mechanism. To achieve opti-
mal alignment of the BBEX with the host system (the human spine),
it is necessary to have the same number of vertebra modules as ver-
tebrae that comprise the spine. However, this requirement increases
the complexity of the design. In an effort to streamline this complex-
ity, we designed the BBEX with four vertebra modules: one for the
upper region, two for the middle region, and one for the lower re-
gion of the spine (Fig. 2B, i to iii). Each module consists of one ver-
tebra block and two constant-velocity (CV) joints, with each CV
joint functioning as a ball-and-socket joint.

In the upper module, the housing for the CV joint was securely
attached to the vertebra block, with the blue-flanged shaft serving as
the ball-and-socket joint (Fig. 2Bi). In the middle module, an addi-
tional layer of functionality was introduced by linking the ball-
shaped housing of the CV joint with the module’s socket, allowing for
the independent ball-and-socket motion for both the blue-flanged
shaft and the ball-shaped housing (Fig. 2Bii). Moving to the lower
module, the housing was inserted into a cylindrical bearing and con-
nected to the motor, with the blue-flanged shaft again acting as a ball-
and-socket joint (Fig. 2Biii). Detailed information on the vertebra
module can be found in the Supplementary Methods and fig. S1.
Four-rail twisted elastic rotary-rail actuator
A four-rail twisted elastic rotary-rail actuator (4R-TERRA), an im-
provement on the original TERRA (47) featuring four rails, was de-
veloped to serve as the linear actuator of the SES mechanism. The
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4R-TERRA was tailored to seamlessly
integrate with the proposed wearable de-
vice, satisfying the required stroke length
and durability. Functioning as a compliant
linear actuator, the 4R-TERRA uses a heli-
cal twisting mechanism to produce linear
motion (Fig. 2Biv).

Human skeletal muscles show length-
dependent characteristics, generally ex-
hibiting a decrease in active muscle force
as the length of the muscle increases,
with an increased reliance on passive
tension (48). Therefore, externally sup-
plementing the reduced active muscle
Extension Flexion [0rces in .th'e back during a flexion pos-
. ture for lifting, where muscles are elon-
gated, is effective in preventing injuries
associated with overuse of the back mus-
cles and the muscle strain.

In contrast, the 4R-TERRA shows
characteristics opposite to those of mus-
cles, exerting greater force as it lengthens
with the same input torque. This unique
property suggests that the 4R-TERRA
can play a complementary role to mus-
cles, offering a distinct advantage in its
application within our device. Also, given
that greater assistive force is required in a
flexion posture compared with an exten-
sion posture during lifting tasks, the 4R-TERRA can efficiently supply
the necessary assistance with minimal input torques when elongated
in a flexion posture (Supplementary Methods, fig. S4, and movie S2).

For the task at hand, a total of six 4R-TERRAs were used, with
three units connected in series via CV joints to realize a bilateral
configuration. The motor attached to the lowermost CV joint initi-
ates rotation, and the serially connected 4R-TERRAs rotate uni-
formly while maintaining consistent length, because of the shared
rotational function of the CV joint at both ends.

Back interface for spinal alignment

To ensure the alignment of the BBEX’s centerline with the wearer’s
back, we devised a system using a combination of stretchable elasto-
mer, guide bearings, and a flexible column. The stretchable elasto-
mer was strategically positioned at the lower part of the BBEX,
establishing direct contact with the wearer’s back. Within this elas-
tomer, four guide bearings were integrated and evenly distributed
along its surface. Linked to these guide bearings is the flexible col-
umn, designed with an I-shaped cross section. As the wearer’s back
undergoes movement, the stretchable elastomer elongates while
maintaining continuous contact with the back, consequently induc-
ing a synchronized extension among the guide bearings. This, in
turn, imparts a corresponding configuration to the flexible column,
ensuring alignment with the centerline of the wearer’s back.

Each vertebra module of the BBEX is coupled with the flexible
column, ensuring that the centerline of the BBEX corresponds to
that of the back. However, because of the uniform length of the seri-
ally connected 4R-TERRAs, additional DoFs are needed to facilitate
the optimal functionality of the BBEX across a diverse range of back
movements. In particular, each middle module requires two addi-
tional DoFs (Supplementary Discussion, fig. S5, and movie S3).
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To address this requirement, we incorporated moving blocks
into the system. These blocks introduce extra mobility to the middle
modules, enabling them to both slide and rotate alongside the flex-
ible column (Fig. 2Bv). Through this multi-DoF back interface, the
BBEX successfully achieves and maintains spinal alignment during
a wide range of back movements.

Textile-based anchoring mechanism

The design of our textile-based anchoring mechanism was in-
spired by the approach introduced by Asbeck et al. (49) and aimed
to efficiently and comfortably transmit the assistive force gener-
ated by the BBEX to the wearer. For efficient force transmission, it
is crucial for the anchoring mechanism to have a high suit-human
series stiffness, which accounts not only for the stiffness of the
device but also for the stiffness of the body parts to which the as-
sistive force is applied. The high suit-human series stiffness re-
duces power loss caused by structural deformation of the device
or the body, thus achieving a high efficiency in force transmission.
To achieve this, we used high-stiffness materials like Bowden ca-
bles and straps and strategically selected body regions with mini-
mal deformation, including the feet, shoulders, and back, to
increase the suit-human series stiftness (Fig. 3A). For the wearer
to be comfortable, the anchoring mechanism needs to be designed
in a way that the assistive force is applied to the body in the form
of a normal force. Applying an assistive motion via a shear force
would require relatively high pressure on the wearer’s skin to pre-
vent device slippage, leading to discomfort. To align with these
criteria, we designed both the lower and upper anchoring mecha-
nisms (Fig. 3B).

Upper Anchoring
Mechanism

Bowden Cable

& Cable Sheath

Knee Band

Overshoe

vy

The lower anchoring mechanism features a Bowden cable and its
sheath, a high-stiftness strap, a knee band, and an overshoe. The
Bowden cable sheath was affixed to the bottom module, encircling
the hip joint, with the Bowden cable passing inside the sheath with
minimal friction. Each end of the Bowden cable was connected to
the knee band and the overshoe via the straps, creating a high-
stiffness connection line from the bottom module to the overshoe.
In addition, the foot, where the assistive force is transmitted, exhib-
its a relatively high stiffness among the lower extremities. Conse-
quently, the bottom module of the BBEX remained firmly anchored
with minimal deformation during the generation of assistive forces.
The presence of the Bowden cable surrounding the hip joints al-
lowed for unhindered hip motions (Fig. 3Cii). When the hip is
flexed, the anterior cable becomes shorter, but the posterior cable is
longer at the same time. These complementary movements allow for
flexion and extension without constraining the natural movements
of the hip joints (see movie S4).

The upper anchoring mechanism consists of straps for the shoul-
ders, the sternum, and the back. The shoulder straps were attached
to the top module of the BBEX and connected to the back strap
through the sternum strap. This torso-enveloped line, formed by the
high stiffness straps, was designed to pass over the area with a high
body stiffness. Therefore, the top module of the BBEX was firmly
anchored, and the assistive force was efficiently transmitted to the
wearer. Also, the torso-enveloped line was designed to align the line
of nonextension of the upper body, a length that remains consistent
during various trunk motions (50). Thus, the upper anchoring
mechanism does not restrict the range of trunk motion (Fig. 3Ci).

Top Vertebra Module
= Upper Anchoring Mechanism

n

= Cable Sheath
= Bowden Cable

Lower Anchoring Mechanism
mm Upper Anchoring Mechanism

-« Internal Forces

B

8 1}

‘*\‘ -
>

)

s

~<— Forces Applied to the Body

Fig. 3. Structure and principle of textile-based anchoring mechanism. (A) Configuration of the anchoring mechanism. (B) Forces in the anchoring mechanism. (i) As-
sistive force is transmitted to the body by high-stiffness material. (ii) Assistive force from the BBEX is transmitted to the feet, shoulders, chest, and back in a direction per-
pendicular to the skin surface. (C) Views of the (i) upper and (ii) lower anchoring mechanisms during various movements. The length of the upper anchoring mechanism
does not change because it is placed on the lines of nonextension. The lower anchoring mechanism can allow hip flexion and extension motion because of the Bowden

cable and cable sheath.
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Validation with human participants
ROM and spinal alignment
Through an experiment for functional testing, we confirmed that the
BBEX did not impede the wearer’s range of motion (ROM), as shown
in Fig. 4. When the BBEX was worn, the peak joint angles for lumbar
flexion, lateral flexion, and axial rotation decreased by 2.49, 0.03, and
0.01%, respectively. However, the result of paired f tests verified that
these reductions are statistically insignificant. Furthermore, we con-
firmed that the BBEX achieved a high alignment with the wearer’s
spine, with cosine similarities in all three directions measuring 0.98
each (Supplementary Methods, fig. S6, and movie S5).
Posture estimation and multi-DoF assistance
We confirmed that the BBEX estimated the wearer’s posture with
high accuracy in both symmetric and asymmetric lifting tasks. The
wearer’s posture was estimated through the kinematic model of the
BBEX (Supplementary Methods and fig. S7). The total postural er-
rors of the symmetric and asymmetric lifting tasks, averaged over all
the participants with 30 lifts, are 21.99 + 3.12 mm and 22.19 + 3.60
mm, respectively. The mean postural errors during a single lifting,
averaged for all participants, are shown in Fig. 5A (see movie S6 for
visualization of the posture estimation). In both tasks, the postural
errors were relatively large in the extension posture (0 and 8 s). The
errors gradually decreased during the period of lowering the back
and increased as the wearer approached the flexion posture (Supple-
mentary Discussion and fig. S8).

We also confirmed that the BBEX provided multi-DoF assistance
by modulating the assistive forces of the bilateral 4R-TERRAs. On the

basis of the estimated wearer’s posture, the BBEX actively controlled
its assistance to compensate for the torque generated by the external
load in both symmetric and asymmetric lifting tasks. The mean assis-
tive forces and assistive torques, averaged for all participants, for each
task during a single lift are shown in Fig. 5 (B and C). This result indi-
cates that the BBEX provides multidimensional assistance on the basis
of the wearer’s posture (Supplementary Discussion and fig. S9).
HR and rating of perceived exertion
We evaluated the effect of the BBEX on physical intensity level: heart
rate (HR) and rate of perceived exertion (RPE) (Fig. 6A). In both
symmetric and asymmetric lifting tasks, the BBEX reduced the
physical intensity level. A two-way repeated measures analysis of
variance (ANOVA) revealed a significance of the main effect of the
BBEX on both HR and RPE. Subsequent paired ¢ tests further con-
firmed that the BBEX exerted a statistically significant effect on HR
and RPE. The ANOVA and post hoc paired t test results are sum-
marized in table S1. The HR with and without the BBEX increased
by 15.40 and 23.14% during the symmetric lifting task, respectively,
and by 13.15 and 26.53% during the asymmetric lifting task. This
shows that the BBEX reduced the final HR by 18.90 and 28.40% in
the symmetric and the asymmetric lifting tasks, respectively. Also,
the RPE with and without the BBEX increased by 50.75 and 53.50%,
respectively, during the symmetric lifting task and by 50.56 and
59.72%, respectively, during the asymmetric lifting task. This indi-
cates that the BBEX reduced the final RPE by 7.89 and 10.70% in the
symmetric and the asymmetric lifting tasks, respectively. These
results indicated that the BBEX lowered exercise intensity in physi-
ological effects (HR) and participants’

ROM without BBEX ROM with BBEX SA perception levels (RPE).
1 Muscle fatigue

140 - 1 099 We analyzed the effect of the BBEX on
+ ' muscle fatigue (Fig. 6B). In both sym-
120 b + ................ i : 4 0.98 metric and asymmetric lifting tasks, the
+ BBEX reduced muscle fatigue of the low-
100 L 1 0.97 er erector spinae (LE) and upper erector
> spinae (UE). A two-way repeated mea-
5 7 096 & sures ANOVA revealed a significance of
e 80 - 1 095 £ the main effect of the BBEX on the me-
g I 2 dian frequency (MDF) of both LE and
60 - 0.94 g UE. Subsequent paired ¢ tests further
confirmed that the BBEX exerted a statis-
a0k 7093 tically significant effect on the MDF of
1 0.2 LE and UE. For the LE, the MDF with
' and without the BBEX decreased by
20 4 091 22.70 and 27.56%, respectively, during
the symmetric lifting task and by 18.10
0 0.9 and 30.56%, respectively, during the

Trunk flexion Lateral bending

orTE

Fig. 4. ROM and spinal alignment. Peak joint angles of spinal flexion, lateral flexion, and axial rotation were calcu-
lated for the ROM using the inverse kinematics tool of the OpenSim. Cosine similarities were calculated at each peak
angle moment for the spinal alignment using the reflective markers. SA refers to spinal alignment. The error bars were
defined as means + SD. Paired t tests were conducted for peak joint angles, revealing no statistically significant differ-

ences when participants wore the device.
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Axial rotation

asymmetric lifting task. This shows that
the BBEX suppressed the final LE muscle
fatigue (MDF reduction) by 17.69 and
40.78% in the symmetric and the asym-
metric lifting tasks, respectively. For the
UE, the MDF with and without the BBEX
decreased by 17.98 and 22.65%, respec-
tively, during the symmetric lifting task
and by 10.81 and 22.94%, respectively,
during the asymmetric lifting task. This
indicates that the BBEX suppressed the
final UE muscle fatigue (MDF reduction)
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pression force decreased by 16.4% in the
initial stage, 16.2% in the middle stage,
and 17.4% in the final stage. The results

Symmetric Asymmetric 13.16% in the final stage. Also, the peak
A 45 ! 45 T — axial rotation angle decreased by 13.58%
40 : 40 ' ' ' - in the initial stage, 29.17% in the middle
E 35 ' 35 ; : ; stage, and 46.61% in the final stage.

5 30 : 30 : : : +10 We validated the effect of the BBEX
3 25 : 25 : : : Mean error on spinal loading by analyzing the joint
5 20 ; 20 : : ; compression forces of L1/L2, L2/L3, L3/
& ; or ] L4, L4/L5, and L5/S1 (Fig. 6D). In both
5 | o S i T lifting tasks, the significant main effects
B 4 b 1 2 3 4 5 6 7 8 of the BBEX were observed fqr the peak
%0 I - — compression forces of all joints. Also,
~ 85 : : : s post hoc paired ¢ tests revealed that the
S 80 E : : 4 BBEX effectively decreased the joints’
8 75 : : | Fdesired mmmm peak compression forces in all stages,

[ ' g . . . .
g 70 : assistive and the.results were statistically signifi-
2 E ; cant. With the BBEX, the peak compres-
65 [* : ' sion force of the L5/SI joint in the
60 ! ' ! symmetric lifting task decreased by 15.6%
C 35 4 it in the initial stage, 15.4% in the middle
30 ! g stage, and 13.2% in the final stage. Simi-
= 25 : ; larly, the peak compression force of the
2 2 ; ; : ; . TX desired mmmmm~ L1/L2 joint decreased by 7.76% in the
s 15 1 I | ; | T;fyazf:;tri:: initial stage, 7.14% in the middle stage,
g 10 i 10 1 TY ascigtive and 5..24.%. in the final stage. In the asym-
% s5i ' ' ' | 5L ' 1 TZgesied mmmmm  metric lifting task, the L5/S1 peak com-
20— 0 : Z assistive pression force decreased by 13.2% in the
: : . 5 : . initial stage, 13.3% in the middle stage,
L -10 ! - and 15.2% in the final stage with the
3 4556 7 8 4 5 BBEX. In addition, the L1/L2 peak com-

B ettt = 2
4 Ll
it S e el Bt
w F

R e E T TP EE

Fig. 5. Multi-DoF assistance. (A) Postural errors, (B) actual assistive force and desired assistive force, and (C) actual
assistive torque and desired assistive torque during symmetric and asymmetric lifting tasks. Desired assistive force

and torque were calculated to compensate for the effect of external weight.

by 20.60 and 52.87% in the symmetric and the asymmetric lifting
tasks, respectively. For the semitendinosus (ST) and the gluteus max-
imus (GM), no statistically significant effects were observed in either
lifting task. Through the muscle fatigue analysis, we confirmed that
the BBEX reduced the effort of the back extensor muscles.

Body kinematics and joint reaction forces

We analyzed the effect of the BBEX on the kinematics of the wearer’s
body (Fig. 6C). In the symmetric lifting task, the BBEX did not alter
the kinematics of the spine and the hip. There was no statistically
significant effect on the peak joint angles of hip flexion and three
major spinal motions: lumbar flexion, lateral bending, and axial ro-
tation. However, in the asymmetric lifting task, the BBEX altered the
kinematics of the spine. A two-way repeated measures ANOVA re-
vealed a significance in the main effect of the BBEX on the peak
joint angles of hip flexion and lumbar flexion. Subsequent paired ¢
tests further confirmed that the BBEX exerted a statistically signifi-
cant effect on the peak joint angles of hip flexion and lumbar flexion.
With the BBEX, the peak lumbar flexion angle increased by 23.01%
in the initial stage, 21.77% in the middle stage, and 18.23% in the
final stage. On the other hand, the peak hip flexion angle decreased
by 11.25% in the initial stage, 13.10% in the middle stage, and
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for the other joints are summarized in
table S1. Through the musculoskeletal
analysis, we confirmed that the BBEX
reduced the spinal loading of lower
back joints.

B - R
a

N
i« o

DISCUSSION

The main contribution of this work is the design and validation of the
BBEX, an active back-support device. We designed the BBEX inspired
by the human spine and back extensor muscles to provide multidimen-
sional force assistance and to ensure safety across the spine. We dem-
onstrated that the BBEX achieved an effective alignment with the
spine under various back movements, allowing the wearers natural
ROM. Also, we showed that the BBEX accurately estimated the wearer’s
back posture and provided multidimensional force assistance that
changed according to the users lifting posture. Last, we confirmed the
potential of the BBEX to enhance overall spinal safety by alleviating key
mechanical risk factors of lifting-induced lower back injuries through
muscle fatigue and joint reaction analysis.

Through the repeated symmetric and asymmetric lifting tasks,
we confirmed that the BBEX reduced muscle fatigue of the back ex-
tensor muscles, including the LE and UE, the main risk factor for
spinal injuries. In particular, a more substantial reduction of muscle
fatigue was observed in the asymmetric lifting task. Because the
strength of available back extensor muscles decreased when per-
forming asymmetric lifting, muscle fatigue appeared quickly. With

60f11

920z ‘Gz ARe|Nl uo (noyzbuens)) ABojouyde | pue 8duB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

A

Symmetric

Asymmetric

Symmetric

Asymmetric

Symmetric

Asymmetric

Symmetric

Asymmetric

lormalized MDF

Normalized MDF
o o o
Y o © = o

o
o

Initial Middle Final

HF

Initial Middle Final

Initial Middle Final

LB

50

Initial Middle Final

L5/s1

I T S

Initial Middle Final

L4/L5

Initial Middle Final

L3/L4

L2/L3

Without BBEX [N

with BBEX [

4000
€ 3500 -
Q
5 3000
§ 2500
£ 2000
§ 1500
1000
4000

{14l

4000
3500
3000
2500
2000
1500
1000

4000
3500
3000
2500
2000
1500
1000

A

4000
3500
3000
2500
2000
1500
1000

4000
3500
3000
2500
2000
1500
1000

€ 3500
3

5 3000
S 2500
?

£ 2000
S 1500

1000

Initial Middle Final

4000
3500
3000
2500
2000
1500

Initial Middle Final

4000
3500
3000
2500
2000
1500
1000

Initial Middle Final

4000
3500
3000
2500
2000
1500

Initial Middle Final

4000
3500
3000
2500
2000
1500
1000

Initial Middle Final

Fig. 6. Biomechanical and physiological results. (A) HR and RPE. Mean HR and RPE, averaged over all participants,
were used. (B) Muscle fatigue for the LE, UE, ST, and GM. Mean MDF, averaged over all participants, was used. (C) Peak
joint angles of hip flexion (HF), lumbar flexion (LF), lateral bending (LB), and axial rotation (AR). The mean peak joint an-
gle, averaged over all participants, was used. (D) Compression forces on the L1/L2, L2/L3, L3/L4, L4/L5, and L5/S1 joints.
Mean compression force, averaged over all participants, was used. Two-way repeated measures ANOVA tests were con-
ducted considering device condition (without and with the BBEX), time condition (initial, middle, and final), and their
interaction. Symbols #, $, and &, shown in the top-left corner of each graph, indicate the main effect of the device, the
main effect of time, and the interaction between device and time, respectively. Subsequently, paired t tests were per-
formed for variables with a significant main effect of the device or a significant interaction (P < 0.05). The symbol * de-
notes pairs where the BBEX device causes statistically significant differences. Error bars represent means + SD.
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the BBEX, this rapid drop in muscle
fatigue was effectively suppressed by
supplementing the decreased muscle
strength. In addition, our findings in-
dicate that the BBEX did not influence
muscle fatigue in the hip extensors,
including the GM and ST. Given that
the bulk of the BBEX’s weight was situ-
ated above the hip joint, it resulted in
an increased external torque on the hip
joint during lifting activities. This in-
crease in torque necessitates compen-
sation through the activation of the
hip extensor muscles, specifically GM
and ST. Consequently, under the BBEX
condition, one might anticipate a rela-
tively higher level of musdle fatigue in
GM and ST. Nonetheless, our observa-
tions revealed no significant differ-
ence in muscle fatigue between these
muscles. This result can be attributed to
two possible explanations: The exter-
nal torque generated by the BBEX’s
weight was sufficiently minimal to elic-
it an effect, or the BBEX effectively as-
sisted not only spinal extension but also
hip extension because of the lower an-
choring mechanism, thereby effectively
offsetting the external torque.
Musculoskeletal analysis revealed
that the participants with the BBEX
predominantly used the spinal mobil-
ity (trunk flexion) more than that of
the hip joint. In both lifting tasks, the
peak spinal flexion angle increased;
on the other hand, the peak hip flex-
ion angle decreased. These kinematic
changes could be interpreted as par-
ticipants adapting to the BBEX and
adjusting their lifting techniques to
take greater advantage of the back
support of the BBEX. We also con-
firmed that the BBEX reduced the
mechanical loadings across the lum-
bar joints. With the BBEX, the peak
compression forces of the L1/L2, L2/
L3, L4/L5, and L5/S1 joints decreased
by an average of 11.03, 11.71, 13.65,
14.84, and 16.08% in the symmetric
lifting task, respectively, and decreased
by an average of 14.7, 14.06, 12.1, 10.93,
and 11.7% in the asymmetric lifting
task, respectively. Because the back ex-
tensor muscle force needed to counter-
act the moment of the upper body and
external load increases the compression
forces of the overall joints in the spine,
it is conceivable that the assistive force
generated by the BBEX, which acts as a
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secondary back extensor muscle, could increase the compression
forces on the spinal joints. However, the BBEX uses a larger moment
arm than the back muscle about the spine, effectively providing the
necessary restoration torque with less force. This can considerably
reduce the required back muscle force, decreasing the compression
forces of the overall spinal joints.

Although the BBEX performed well in all the experiments with
human participants, there is still room for further improvement. Be-
cause inertial measurement unit (IMU) sensors were not attached to
all modules of the BBEX for simplicity in the system, the orientation
of each module was not accurately measured, and there was an un-
avoidable error in the wearer’s posture. In particular, a relatively
large error occurred in an upright posture because the BBEX had
difficulties in estimating the S shape of a human spine. Even if the
overall system becomes complex, integrating an IMU sensor into
each module will improve the accuracy in estimating the wearer’s
posture. In addition, the versatility of the BBEX can be enhanced
through an improved lower anchoring mechanism. In the current
design, the bottom module of the BBEX is not firmly anchored in
movements involving plantar flexion of the ankle, such as walking
and running, because the strap from the bottom module to the over-
shoe is loosened during plantar flexion. A design approach unaf-
fected by the movement of the ankle, for example, deploying straps
on the sides of the lower extremities, could solve this anchoring is-
sue and improve the device’s versatility. Another improvement can
be realized by optimizing the assistive force profile in the BBEX. The
current force profile is determined by considering the wearer’s kine-
matic posture. If the force profile is constructed to additionally con-
sider the wearer’s dynamics, then more improved assistance can be
possible. Last, the joint reaction forces in the musculoskeletal analy-
sis were calculated on the basis of the muscle forces estimated by the
static optimization method in OpenSim, an open-source biome-
chanical modeling and simulation software system. The actual joint
reaction forces might be more accurately quantified by using pres-
sure sensors inserted between lumbar joints, as suggested in previ-
ous studies (51-53). In addition, considering that joint reaction
forces are significantly influenced by the coactivation of agonist and
antagonist muscles, which is a common phenomenon in maintain-
ing stability, there is a possibility that our results might underesti-
mate the true joint reaction forces (54, 55). However, we maintain
that the findings of this study hold substantial value given that a
consistent methodology was applied uniformly across all the exper-
imental procedures.

We developed the BBEX primarily to assist with the movement
of the spine and validated it through the trunk-bending lifting tasks.
Therefore, further studies with the BBEX will validate its efficacy for
other lifting tasks with limited spinal movements, such as squatting
and sitting to stand. In addition, to deepen our understanding of the
asymmetric lifting, one of the characteristics of the BBEX, we will
assess its effectiveness separately on the left and right muscles
during repetitive lifting experiments on one side only. Subsequent
studies will also explore the correlation between the mechanical
properties of the BBEX and its assistance performance. For example,
the effect of the robot’s weight on the wearer can be verified through
experiments wearing the device without providing assistance. We
will also enhance the robot’s control logic and demonstrate that as-
sistance performance can be maintained consistently for lifting tasks
at various speeds. Last, we will conduct long-term human trials. The
data obtained from individual participants suggested that, for
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certain participants, their outcomes seemed to be influenced by
their familiarity with the BBEX (Supplementary Discussion and
fig. S11). Therefore, we plan to affirm how familiarity with the BBEX
affects assistive performance. Also, a long-term analysis on how the
BBEX affects the body will be included.

MATERIALS AND METHODS

Objective and design

The objective of this study was to design and evaluate the function-
ality and safety of the BBEX. The study involved 11 healthy male
participants performing symmetric and asymmetric lifting tasks
with and without the BBEX, creating two experimental conditions
for comparison. The data were collected until the participants either
stopped lifting or completed 30 lifts in each task. The data inclusion
criteria were based on the successful completion of the tasks, ex-
cluding the data from participants who did not complete all the
tasks. The primary metrics included the muscle fatigue, the HR, the
RPE, the peak joint angles, and the peak joint reaction forces. The
data were collected using surface electromyography (sEMG), a mo-
tion capture system, and HR monitors to assess the physiological
and biomechanical impacts of the BBEX.

Instruments

HR and rating of perceived exertion

HRs were measured on the right upper arm using a HR monitor
armband (Ticker Fit, Wahoo) at the end of every 8-s interval. RPEs
were recorded by participants every three intervals with the Borg
Scale table posted. When a participant reached a RPE of 20, we no
longer needed to report the RPE because 20 is the maximum value.
Muscle electrical activity

SEMG signals were recorded by EMG electrodes (Trigno Wireless
EMG System, Delsys Inc., Natick, MA, USA) at a sample rate of
2000 Hz. The attachment procedure of all EMG electrodes followed
SENIAM (Surface Electromyography for the Non-Invasive Assess-
ment of Muscles) guidelines. After cleaning with alcohol, eight sur-
face electrodes were attached bilaterally over the following sites: LE
(lumbar), UE (thoracic), GM, and ST. The positions of the EMG
electrodes for lower and upper back extensors corresponded to lev-
els of L3 and T10, respectively (56, 57).

Body kinematics

A three-dimensional motion capture system with eight infrared
cameras (Oqus 500, Qualisys, Sweden) equipped around the labora-
tory was used at a sampling rate of 100 Hz. The calibration system
yielded a measurement error of less than 0.7 mm. Reflective markers
(14-mm diameter) were attached to spinous process of the seventh
cervical vertebra, bilateral acromion process of the scapular, poste-
rior superior iliac spine of the pelvis, greater trochanter of the femur,
medial and lateral femoral epicondyle, and medial and lateral mal-
leolus of the ankle. In addition, 10 markers were attached to the suit
(three for the top module, four for the middle modules, and three
for the bottom module).

Participants

Eleven men who had no history of low back injury or musculoskel-
etal disorders volunteered to participate in the study. The means
(SDs in parenthesis) of age, height, sitting height, and body mass of
the participants were 25.73 years (0.96 years), 174.45 cm (3.06 cm),
89.91 cm (2.57 cm), and 76.36 kg (8.41 kg), respectively. Further
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details on the participants are described in table S2. All participants
received an information letter before the experiments and signed an
informed consent form.

Experimental procedure

All participants performed two types of tasks, a symmetric lifting
task and an asymmetric lifting task, and conducted each task twice,
with and without the BBEX. Thus, a total of four experiments were
conducted for each participant. Each experiment was performed at
intervals of 1 week to exclude the effects of the previous experiment.
All experimental procedures performed in the study were approved
by the Institutional Review Board of Seoul National University (In-
stitutional Review Board no. 1912/001-003), and all participants
were familiarized with the experimental procedures and the BBEX
before the experiments. In the preparation process, EMG electrodes
and reflective markers were attached to the participants, and a HR
monitor armband was placed on their right upper arm. For the ex-
periments with the device, the BBEX was fitted and adjusted to the
individual participants. Subsequently, reflective markers were at-
tached to the suit as well. After the preparation, the participants
took a 5-min break (58) to relieve any fatigue that might occur dur-
ing the preparation process. The participants lowered and lifted a
weight of 5.5 kg 30 times with an interval of 8 s for each experiment.
In the symmetric lifting task, the participants performed the cyclic
lifting task in the sagittal plane to touch a pad in front of the foot. In
the asymmetric lifting task, the participants performed the lifting by
rotating the trunk alternately left and right side to touch a pad,
which was located +45° to the sagittal plane. We provided auditory
feedback using a metronome to control lifting speed, and the par-
ticipants were asked to handle the weight at a constant speed as
smoothly as possible. The weight and the lifting interval were cho-
sen to follow the limits suggested by the National Institute for Oc-
cupational Safety and Health Guidelines while guaranteeing 30
continuous lifts (59). Because the lower back extensor muscles be-
come silent in the upright posture, we limited the maximum range
of extension during the upward-lifting phase to induce sustained
muscle contraction. To prevent the involvement of the lower ex-
tremities, participants were asked not to bend their knees and were
instructed to keep the weight within the marked area on the floor.
The ground level of the floor on which the individual participants
put their feet was adjusted using a platform in consideration of the
participants’ ROM (see movie S7 for the experiment description).

Data analysis

Data from one participant in the symmetric lifting task and two par-
ticipants in the asymmetric lifting task were discarded because of
IMU data storage failure. Therefore, data analysis was performed
with the results of 10 participants for the symmetric lifting task and
nine participants for the asymmetric lifting task.

HR and rating of perceived exertion

HR was normalized using resting and maximum HR. The resting
HR was measured at rest before the experiment. The maximum HR
was applied differently according to the age of the participants (60).
Normalized HR was calculated by dividing the difference between
the current and the resting HR by the difference between the maxi-
mum and the resting HR.

Muscle fatigue

Muscle fatigue was analyzed using sEMG signals. The raw sSEMG
signals were filtered using a second-order Butterworth band-pass
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filter with a frequency range of 5 to 500 Hz. Because the sSEMG sig-
nals were obtained during isotonic muscle contractions, the con-
tinuous wavelet transform was used to obtain the time-frequency
response of each target muscle. The Morlet wavelet was selected as
the mother wavelet, and the wavelet scale length was selected to be
128 to obtain the scalogram. The MDF was used as an index for
muscle fatigue assessment considering that muscle fatigue results in
a downward shift of the frequency spectrum of sSEMG signals (61).
In the maximal flexion posture corresponding to the lowest point of
the marker attached to C7, the muscle activity patterns varied
among the participants depending on their flexibility properties.
Therefore, we chose the time event of MDF analysis on the basis of
the maximum extension posture when the marker attached to C7
reaches the highest point. This maximum extension posture could
be seen as a transition point in the type of muscle contraction be-
cause the spinal extensor muscles switch from concentric to eccen-
tric contractions. To reflect the characteristics of this dynamic
contraction, 2 s before and after the maximum extension posture
was set as the analysis window. Because the initial MDF values were
different for each participant and each muscle, all MDF values were
normalized to the initial MDF values. In addition, because the sur-
face electrodes were attached bilaterally on the target muscles, the
averaged MDF value of both sides was used as a representative val-
ue. All data for the MDF analysis were processed with MATLAB
R2020b (MathWorks).

Body kinematics and mechanical joint work

A musculoskeletal analysis using OpenSim was conducted to evalu-
ate the effect of the BBEX on body kinematics and joint compressive
forces. We used a revised full-body lumbar spine (FBLS) model,
which corrects the DoFs of the original FBLS model, as Beaucage-
Gauvreau ef al. suggested (34, 62, 63). The analyses were conducted
in the order of scaling, inverse kinematics, inverse dynamics, static
optimization, and joint analysis. The base model was transformed
into the individualized model for each participant using the scaling
tool. The scaling tool was conducted on the basis of 11 markers that
were attached to participants in the experiments without the BBEX. The
mass of the OpenSim model was also modulated to reflect the iner-
tia of the device and the weight used in the experiment: A mass of
2.75 kg was uniformly added to each hand, whereas an additional 4
kg was placed on the pelvis and 1.75 kg on the torso. Body kinemat-
ics of the participants were first calculated with an inverse kinemat-
ics tool using real-time marker data and then low-pass-filtered
with a cutoff frequency of 2 Hz. In this process, elbow marker data
were added using the estimated humerus length and the shoulder
markers’ data (64). To analyze the kinematic change of hip and spi-
nal joints during lifting experiments, peak joint angles of hip flex-
ion/extension, lumbar flexion, lateral bending, and axial rotation
were calculated in each cycle and then averaged over five cycles for
each stage. Also, we derived the external loads on participants to
compute joint compressive forces. In the experiments with human
participants, the external loads were assistive forces from the BBEX
and ground reaction forces (GRFs). We modeled the assistive forces
on the basis of the BBEX design and calculated the magnitude and
position of GRF using residual forces/moments, as Dijkstra and
Gutierrez-Farewik (65) have proposed (details on modeling of ex-
ternal loads for musculoskeletal analysis can be found in Supple-
mentary Methods). Then, we assessed the efficacy of the BBEX on
the compressive forces of the lumbar joints using the joint reaction
analysis tool of OpenSim. Peak joint compressive forces of the L1/
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L2, L2/L3, L3/14, L4/L5, and L5/S1 joints during each lifting cycle
were averaged over five cycles for each stage after low-pass filtering
with a cutoff frequency of 0.5 Hz.

Statistics

Statistical analysis was conducted using R (RStudio Inc., Boston, MA,
USA) to examine whether the effects of the BBEX were statistically
significant. Independent variables of this analysis were the existence
and nonexistence of the BBEX (referred to as with the BBEX or with-
out the BBEX) and experiment time (referred to as initial, middle, and
final stages). Dependent variables were the MDF of the EMG signal,
peak body kinematics, peak joint reaction forces, normalized HR, and
RPE. In each experiment, the dependent variables were divided into
initial, middle, and final stages according to time. EMG signal, peak
body kinematics, peak joint reactions, and normalized HR that were
measured every lifting cycle were averaged over the initial five cycles,
middle five cycles, and last five cycles and were labeled as “initial,”
“middle,” and “final” Similarly, RPE data were averaged over the ini-
tial, middle, and last two cycles and equivalently labeled. To analyze
the interaction between two independent variables on dependent
variables, two-way repeated measures ANOVA tests were conducted.
Sequentially, post hoc paired ¢ tests were followed and analyzed with
false detection rate when significant main effects of the device or in-
teraction were identified. The normality of the dependent variables
was tested using Shapiro-WilK’s test and visual inspection through
QQ-plots. Mauchly’s test of sphericity was conducted for all results,
and a Greenhouse-Geisser correction was used when the sphericity
assumption was violated. The critical level of significance was set to
alpha = 0.05.

Supplementary Materials
The PDF file includes:

Methods

Discussion

Figs.S1to S11

Tables S1 and S2

Other Supplementary Material for this manuscript includes the following:
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Editor’'s summary

Repetitive tasks involving lifting of objects such as in industrial settings can cause injuries to the spine and back
muscles. Although wearable exoskeleton suits can be used in these settings to alleviate risks to injury, they may not
provide multidimensional movement during asymmetric lifting. Kim et al. have developed an active Bilateral Back
Extensor Exosuit capable of multidimensional force assistance during lifting tasks. The wearable device offers multiple
degrees of freedom in range of motion and was shown to provide back muscle force assistance and to decrease
compression on the spines of human participants during asymmetric and symmetric lifting tasks. —Amos Matsiko
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