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A Hybrid Variable-Stiffness
Soft Back Support Device

Rohan Khatavkar , The Bach Nguyen, Yuanhao Chen, Hyunglae Lee , Member, IEEE,
and Jiefeng Sun , Member, IEEE

Abstract—Back support devices(BSDs) have the potential to mit-
igate overexertion in industrial tasks and also to provide assistance
to people with weak back muscle strength in daily activity. While
state-of-the-art active BSDs can offer a high assistive force, they are
bulky and heavy, making them uncomfortable for daily use. On the
contrary, passive BSDs are compact but need manual adjustment
to be versatile. This work presents a hybrid soft BSD that can
provide task-oriented assistance by tuning the stiffness (0.58 N/mm,
0.92 N/mm, and 1.7 N/mm) and slack length (0 mm to 67 mm)
in a compact design. The tunable stiffness allows for selecting a
task-specific force profile, and the slack tuning will ensure that
the device enables unhindered movement when assistance is not
required. Compared with rigid devices, the device’s compliance
can potentially increase human comfort. We propose an analytical
model that facilitates device design and estimates the device perfor-
mance. Furthermore, the device’s tuning capabilities are evaluated
in human squatting and stooping experiments, showing that the
desired force profile is correctly applied.

Index Terms—Soft robot applications, prosthetics and
exoskeletons, wearable robotics.

I. INTRODUCTION

BACK injuries are among the most prevalent injuries [1], and
the medical cost related to back injuries in the US was more

than $365 billion in the year 2019 [2]. Back support devices
(BSDs) have the potential to mitigate overexertion, which is a
cause of the majority of back injuries [3]. Besides overexertion,
BSDs could also compensate for reduced trunk muscle strength
in the elderly population to assist in daily life activities [4]. BSDs
can be classified according to actuation and rigidity, and each
category has its advantages and disadvantages.

Active BSDs typically apply a force between the back and the
hip using a linkage at the hip joint driven by a motor or series
elastic actuator [5]. Though these devices reduce back muscle
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Fig. 1. Overview of our hybrid BSD: (a) A user wearing our hybrid BSD.
(b) Task-oriented stiffness and slack tuning capability. A video showing our
device is attached as supplementary media and can also be found online: https:
//youtu.be/e1795O9zEiU.

effort, they are heavy and bulky due to the high torque motor
actuation required to support the trunk. Active BSDs driven by
artificial muscles have also been reported, e.g., Tsuneyasu et
al. developed an active BSD with McKibben-type pneumatic
artificial muscles [6] and another active BSD using hydraulic
filament artificial muscle was developed by Zhu et al. [7]. Both
devices led to reduced back extensor effort. However, they are
both tethered devices driven by heavy off-board actuators. Even
untethered systems driven by pneumatic artificial muscles, like
the Innophys Muscle Suit [8], become bulky due to onboard
pneumatic systems.

The passive BSDs generate force through a passive elastic
element, thus becoming more compact. Several passive BSDs
have shown efficacy in reducing human muscular effort during
trunk extension [9], [10]. However, passive BSDs are not tunable
and are typically optimized for a single task like squatting. In ad-
dition, discomfort and movement restriction may happen due to
a mismatch between the device forces and the task demands [11],
[12]. A few commercially available passive back exoskeletons,
such as Laevo FLEX [13], provide multiple passive elastic
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TABLE I
COMPARISON OF EXISTING UNTETHERED BSDS

elements with varying stiffness values. However, users have to
manually replace the passive elastic element every time, which
is tedious.

Further, the state-of-the-art BSDs can also be classified as
rigid and soft devices. A few devices consisting majorly of soft
elements [15], [16], [17] could, in general, be more comfortable
than rigid devices for daily use with body attachments optimized
for comfort [18], [19], [20], [21]. However, most state-of-the-art
soft BSDs are passive as soft actuation technology often can-
not provide enough force when untethered [22]. Additionally,
emerging soft stiffness tuning technology is unexplored for
back support applications due to large stiffness change require-
ment [23].

In this work, we present a hybrid soft BSD that provides
assistance similar to a passive device but can change force pro-
files without manually replacing any component (Fig. 1(a)). The
word “hybrid” indicates that our device offers a balance between
the tuning capabilities of active devices and the compactness
and lightweight of passive devices as indicated in Table I.
Additionally, due to its softness, it is can be more comfort-
able to wear in daily activities. The proposed device integrates
a variable-stiffness (VS) resistance band and a slack-tuning
mechanism that can apply a desired predefined force profile
(stiffness and slack) for various tasks. For example, as shown in
Fig. 1(b), the device can be switched to a higher stiffness mode
for stooping and a lower stiffness mode for squatting [24]. With
slack tuning, the device also allows unhindered walking with a
tuned slack length. Our novel integration of soft components
addressed the challenges of achieving a high blocking force
with a wide slack tuning range in a compact and lightweight
design, as well as reliable stiffness control across a discrete
range.

The major contributions of this work are as follows: (1)
We presented a novel BSD design that allows users to choose
between predefined back support force profiles by integrating
variable-stiffness and slack-tuning elements. (2) We present
an analytical model to estimate the device performance and
facilitate device design, e.g., design a required stiffness for a
desired force profile. (3) We validate the tuning capabilities of
our device with simulated activities of daily living (squatting
and stooping).

II. DEVICE DESIGN

This section gives an overview of the device design and
explains how stiffness and slack tuning are achieved.

A. Device Overview

The device consists of three main parts: a VS resistance band,
a slack-tuning origami muscle, and muscle brakes, as shown in
Fig. 2(a). The VS resistance band is the elastic element applying
the assistive trunk extension torque. It is connected in series with
the origami muscle that is responsible for tuning the slack. The
upper end of the origami muscle is secured to the user’s upper
back using a posture corrector (Hallway Stories), while the lower
end of the VS resistance band is connected to the thigh straps
of a climbing harness (TCH-107-2139-ES-S-XL-BLK-ORG,
Fusion) using inextensible fabric straps. The device will apply a
tensile force between the thighs and the upper back as the trunk
undergoes flexion, resulting in a moment around the hip joint
that assists trunk extension. The force provided by the device
over the range of motion can be tuned by changing the stiffness
of the VS resistance band using layer jamming. The slack can be
reduced by contracting the origami muscle. Slack tuning allows
the user to define a critical trunk flexion angle beyond which the
device begins applying a force. We intentionally designed the
origami muscle to be small and included two muscle brakes in
parallel with the origami muscle to hold it in the contracted state.
Such a combination resolves the challenge that a bulky artificial
muscle needs to be used to block a significantly large force,
ensuring a compact and lightweight device (refer to Table I).

B. VS Resistance Band

1) Design: The VS resistance band’s stiffness is tuned by
stiffening discrete segments of an elastic band (50-125 lbs pull-
up band, LEEKEY) with teethed layer jamming structures (Patch
1 and Patch 2), as shown in Fig. 2(b). We selected teethed layer
jamming [25], [26] because it can withstand the high force
required by BSDs while being compliant in a compact size [27].
A patch consists of two flexible teethed layers (referred to as
patch layers) incorporated inside an elastic enclosure (azurelife),
and the teeth engage when the elastic enclosure is vacuumed due
to the patch layers bending elastically at the flexural hinges. The
patch layers spring back with assistance from retaining foam
inserts when the vacuum pressure is released.

The VS resistance band includes two jamming patches and is
designed to operate in three stiffness levels (No patch jammed,
patch 1 jammed, and both patches 1 and 2 jammed). The patch
layers are located inside rectangular cutouts in the elastic band,
allowing the patch to have low stiffness when unjammed and
significantly increase in stiffness when jammed. Further, the two
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Fig. 2. System Design. (a) Device assembly. (b) VS resistance band’s cross-sectional view and the working principle of the teethed layer jamming structures
(Patch 1 and Patch 2) inside cutouts. (c) 3D model and the contraction principle of the vacuum-driven origami muscle consisting of a zig-zag skeleton inside an
airtight enclosure. (d) 3D model and the working principle of the muscle brake.

patches have different lengths, chosen specifically to achieve the
desired stiffness levels according to the modeling in Section III.
The longer patch (patch 1) consists of two 97 × 21× 0.65 mm
(length × width × thickness) patch layers with 17 teeth each,
and the shorter patch (patch 2) has two 50 × 21× 0.65 mm
patch layers with 6 teeth each. The teeth are 2 mm wide and
3 mm high with a backlash of 0.4 mm. The 0.65 mm thick patch
layers are highly compliant and thus capable of following the
VS resistance band curvature during operation.

2) Fabrication: To fabricate the VS resistance band, two
cutouts of 21× 54 mm and 21× 100.4 mm are cut into an elastic
band. The patch layers are 3D printed (MK-4, Prusa Research)
with poly-lactic acid (PLA). The patch layers have a bracket
that slides onto the elastic band, and this bracket is sewn to the
band. One patch layer is sewn to one shorter edge of the cutout,
and the other patch layer is sewn to the other shorter edge,
as shown in Fig. 2(b). Polyurethane foam inserts (#8614K81,
McMaster-Carr) were adhered in the space between adjacent
teeth to facilitate disengagement when the patch is vented.
Finally, the elastic enclosure is wrapped around and adhered to
form two separate patches using a polyurethane-based adhesive
(Marine Glue, 3M). The upper end of the VS resistance band is
then sewn to a 3D-printed lower muscle mount.

C. Origami Muscle

1) Design: We selected a vacuum-driven origami muscle
for slack tuning due to its high contraction ratio that enables
a wide slack range [28]. The origami muscle consisting of a
zig-zag skeleton inside a fabric enclosure, as shown in Fig. 2(c),
contracts when the fabric enclosure collapses on vacuuming,
folding the skeleton at its hinges. When the vacuum in the fabric
enclosure is released, the origami muscle returns to its rest length
as the skeleton springs back.

2) Fabrication: The zig-zag skeleton is 40 mm wide, 0.4 mm
thick at the hinges, 1 mm thick at the flanks, and the skeleton’s
4 mm long hinges are 90◦ at its rest length. The skeleton was 3D
printed in the unfolded state with PLA (MK4, Prusa Research)
and then folded at the hinges to obtain the zig-zag shape. The
flanks at the ends of the skeleton were inserted and adhered
into slots in the end tabs. The fabric enclosure was fabricated by
heat-sealing polyurethane-coated nylon fabric, with the skeleton
inserted inside. Finally, the fabric enclosure and the skeleton
were connected to the lower muscle mount.

D. Muscle Brakes

1) Design: We selected a teethed layer jamming structure
similar to that in the VS resistance band to design the muscle
brakes due to its high force-withstanding capacity. The disen-
gagement and engagement of flexible teethed layers (referred to
as brake layers) are controlled by bubble actuators, which are
soft actuators that use an enclosed air chamber to radially expand
on inflation and collapse on vacuuming. The bubble actuators
are placed between the two brake layers as shown in Fig. 2(d),
and they disengage the muscle brake when inflated and engage
the muscle brake when vacuumed.

The brake layers have lateral flanges beside the teethed region
(Fig. 2(d)). Bubble actuators are positioned between the lateral
flanges and a guide rail in which the other brake layer slides. Each
muscle brake consists of two brake layers with 23 teeth each.
The teeth are 15 × 2× 4 mm (wide, thick, high). A minimum of
six brake layer teeth are engaged when the origami muscle is at
rest length. The brake layers are 0.65 mm thick and 39 mm wide.
The bubble actuators are 10 mm in diameter when inflated and
110 mm long. The muscle brake assembly is 210 mm in length
and is longer than the origami muscle to ensure that the stroke
of the origami muscle is equal to that of the muscle brakes.
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Fig. 3. (a) Pneumatic system schematic. (b) Truth table depicting the pneu-
matic control logic.

2) Fabrication: The brake layers were 3D printed (MK-4,
Prusa Research) with PLA. A heat-sealable bagging film (1678,
Fiber Glast) was used to fabricate the bubble actuators by heat-
sealing. The bubble actuator then adhered to the lateral flange of
a brake layer. Finally, the guide rail was adhered to the bubble.

E. Pneumatic and Electronic Systems

The back support device is operated using a portable pneu-
matic system shown in Fig. 3(a). It consists of two air pumps,
P1 (vacuuming) and P2 (positive pressure) (2000 series, Dy-
naflo, 62 dB), five 3 port 2-way valves V1-V5 (X-valve,
Parker), and two differential pressure sensors, S1 and S2 (SS-
CDRRN015PDAA5, Honeywell). The air pump and the valve
weigh only 23 g and 4.5 g, respectively, with small form factors
that facilitate the integration of the pneumatic system in an
untethered control unit weighing 300 g.

The truth table for device actions is shown in Fig. 3(b).
The muscle brakes are engaged while operating the device to
maintain constant slack by vacuuming the bubble actuators using
P1 with V4 closed and V5 open. V1 and V2 are opened in
addition to V5 to operate the device in the higher stiffness modes
corresponding to one of the VS resistance band patches being
jammed or both the patches being jammed, respectively. The
bubble actuators are inflated by P2 with V4 and V5 opened

Fig. 4. (a) Schematic of the electronic system. (b) Image of the open control
unit. (c) Individual circuit boards within the control unit.

before contracting the origami muscle using P1 by opening V3.
The bubble actuators are similarly inflated before extending the
origami muscle. The pressure generated by the pumps P1 and
P2, respectively, are measured by the pressure sensors S1 and
S2, respectively.

The electronic circuit that controls the pneumatic system
is illustrated in Fig. 4. An onboard microcontroller (Feather
32u4, Adafruit) operates the pumps and valves based on serial
input from a remote device via Bluetooth. The microcontroller
controls the pumps through a motor driver (TB6612FNG) and
switches the valves through a transistor array (TBD62083APG-
ND). A 2000 mAh, 11.1 V Lithium Polymer (LiPo) battery
powers the portable circuit and can sustain operation for up to
705 mode switches in a day. The LiPo battery powers the valves
directly, the microcontroller through a 3.3 V buck converter, and
the pumps through a 5 V buck converter.

III. MODELING OF THE DEVICE

This section presents analytical models of the VS resistance
band and the origami muscle as parts of the whole device model
to facilitate the design of the desired stiffness levels and the
desired slack range.

A. Model of the vs Resistance Band

The VS resistance band is modeled using an equivalent spring
network in Fig. 5(a). The stiffness of the patches kp1 and kp2

change based on whether they are jammed or not

kpi =

{
k̄pi if patch i is jammed,

0 if patch i is unjammed,
(1)

with i = 1 or 2 representing patch 1 or 2. Note that kpi is a
variable while k̄pi is a parameter measured experimentally.

The VS resistance band’s stiffness krb is a function of kpi

krb(kpi) =
1(

1
kb

+ 1
2ks1+kp1

+ 1
km

+ 1
2ks2+kp2

+ 1
kt

) + kenc,

(2)
where kb, km and kt are the stiffness of the bottom, middle, and
top regions of the VS resistance band, ks1 and ks2 are the stiffness
of the VS resistance band regions beside the cutouts, and kenc

is the stiffness of the elastic enclosure determined via tensile
testing.

Authorized licensed use limited to: Arizona State University. Downloaded on March 02,2025 at 03:29:59 UTC from IEEE Xplore.  Restrictions apply. 



3242 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 10, NO. 4, APRIL 2025

Fig. 5. (a) Dimensions of the elastic band with cutouts and the spring network
for modeling the VS resistance band. (b) Spring network equivalent to the full
device stiffness.

kb, km, kt, ks1 and ks2 are estimated using the formula
wbandtbandEband/Lband, where Lband wband, tband are the length,
width, and thickness of the corresponding regions, and Eband is
the young’s modulus of the elastic band (determined via tensile
testing).

B. Model of the Origami Muscle

We modeled the origami muscle to estimate its peak blocked
force and the maximum contraction. Estimation of the peak
blocked force is necessary to ensure the designed contracted
origami muscle can block the weight of the device. Estimation
of the maximum contraction is required to achieve the desired
slack range.

In Fig. 6, the origami muscle is simplified to two dimensions
and only its cross-section is shown. The zig-zag skeleton’s
hinges are modeled as torsional springs. We assume the fabric
enclosure deforms into a parabolic arc under vacuum pressure,
and the fabric is in-stretchable. Considering the force balance of

Fig. 6. Schematic showing the origami muscle modeling under vacuum.

a skeleton flank adjacent to the end tab, blocked force Fb(θ) can
be calculated through the balance of the contraction force from
the fabric due to the vacuum pressure Fv and the retaining force
applied by the skeleton Fr due to hinge elasticity [28]:

Fb(θ) = 2 (Fv(θ)− Fr(θ)) , (3)

where θ is half of the opening angle of the skeleton. They all
change with respect to θ. Fr is given by

Fr(θ) = Kh(θ0 − θ)/(D cos θ), (4)

where the torsional stiffness of the skeleton hingeKh is given by
Kh = EsWt3h/6Lh with Es and W being the skeleton’s Young’s
modulus and width, and th and Lh being the hinge thickness and
arc length (equal to the planar hinge length before folding the
skeleton); θ = θ0 at rest length of the origami muscle; and D is
the skeleton flank’s length. Further, Fv is given by

Fv(θ) = − ΔPW

2

(
D(cos2 θ − sin2 θ)

cos θ

−λ(θ)(μ
1
2 cos θ − μ

1
2D2 sin2 θ cos θ)

cos θ

)
, (5)

where ΔP is the pressure difference between the atmospheric
and vacuum pressures inside the fabric enclosure. λ and μ are
given as:

λ(θ) = 1 + (θ0 − θ)

(
D

L0
− 1

)
/θ0, (6)

with L = L0 at the rest length of the origami muscle; and μ =
L2
0 −D2 sin2 θ.
Given a blocking force Fb (the weight of our device in this

work), we can solve for θ in (3) and calculate the contraction of
the origami muscle with respect to θ

x(θ) = 2ND(sin θ0 − sin θ), (7)

where N is the number of hinges in the skeleton.

C. Model-Based Device Design

To achieve the desired force profile, we need a stiffness model
for the full device, as shown in Fig. 5(b). Its stiffness combines
the stiffness of VS resistance band krb, the muscle stiffness km,b,
and the stiffness of the connecting elements kconn (e.g., sewing):

kdevice(kpi) =

(
1

krb(kpi)
+

1

km,b
+

1

kconn

)−1

, (8)
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wherekm,b is determined via tensile testing of the origami muscle
assembly, and kconn can be inversely found with a full device
force test. The kpi in the bracket indicates that kdevice changes
based on the jamming states of the patches.

As a starting point for design iteration, we assumed that
parameters km,b, kconn, k̄p1, and k̄p2 are infinitely large and
calculated the geometric parameters of the VS resistance band
needed to achieve the desired stiffness levels using (2) and (8).
Further, the origami muscle is designed to be able to block a force
equal to the device’s weight at its maximum contraction and (3)
was used to determine the minimum possible θ corresponding to
the maximum contraction under the device weight for selected
feasible skeleton dimensions D, W , θ0. The obtained minimum
value of θ was used to verify if the required contraction can
be achieved using (7). If not, we iterated with new skeleton
dimensions to achieve the required contraction. Further, the
muscle brake was designed to match its stroke with the origami
muscle contraction. We fabricated and characterized the individ-
ual components and the full device to obtain the experimentally
determined design parameters (km,b, kconn, k̄p1, and k̄p2) and
used them to refine the design to achieve the desired device
parameters.

A device designed in this way can achieve the desired stiffness
values and slack range to apply a hybrid assistive force Fhybrid as
a function of the variable stiffness kpi, variable slack x, and the
angle between the trunk and the hip α, as described by Fhybrid =
f(kpi, x, α). By controlling the value of kpi and x, we can tune
the device’s force profile, and thus we have more control over
passive devices, where passive assistive force Fpassive = g(α), a
function of only α, results in a fixed force profile.

IV. DEVICE CHARACTERIZATION

We conducted a series of force tests using a tensile testing
machine (#3367, Instron) to characterize the device. We tested
the individual components to verify if they could withstand
the peak device force and also estimated their stiffness to
verify the analytical stiffness model. For the characterization,
we selected wt = wm = wb = 45 mm, tt = tm = tb = 4.5 mm,
Lt = Lb = 25 mm, Lm = 20 mm, ws = 12 mm, ts = 4.5 mm,
Lp1 = 54 mm, Lp2 = 100.4 mm, θ0 = 90◦, D = 24 mm, and
W = 40 mm.

A. Component Characterization

1) Jamming Patches: To test the shorter patch (patch 2 in
Fig. 2(b), we fabricated it in isolation with the patch layers
enclosed in a polyethene enclosure being heat-sealed. The en-
closure was significantly longer than the total length of the
patch layers to ensure that the enclosure was not in tension
during the force test. Fig. 7(a) shows the force vs displacement
characteristics of the patch at the jammed condition. Its stiffness
is measured to be 248.01 N/mm, and it can block a force of
more than 290 N, which is greater than the required peak of
the VS resistance band (164 N). The stiffness of the longer
patch (patch 1) in the jammed state was similarly evaluated to
be 282.96 N/mm.

Fig. 7. (a) Tensile testing of the shorter patch and the muscle brakes with
origami muscle (only bubble actuators vacuumed, origami muscle at atmo-
spheric pressure). (b) Origami muscle’s length changes with respect to time
in the actuation test.

2) Origami Muscle: Similar to the jamming patch, we con-
ducted a force test on the origami muscle assembly to evaluate
its blocking force. The force test also provided the stiffness of
the origami muscle assembly, which is useful in estimating the
stiffness of the device. Fig. 7(a) shows that the origami muscle
assembly can block a force of 495 N without the muscle brakes
slipping, and its stiffness is 24.59 N/mm.

We control the origami muscle contraction using a timing-
based open-loop strategy owing to a small variation of its
external load (just the weight of the device). Towards this, we
measured the origami muscle contraction with respect to time. In
the experiment, the origami muscle was vacuumed from its rest
length till it reached its maximum contraction. A video of the
origami muscle contraction was analysed in Tracker software
(Physlets) to measure the contraction with respect to time.
The experiments were repeated three times, and no significant
variation is observed (standard deviation ±1.61%) in Fig. 7(b).

B. Full Device Characterization

To prepare for the testing, as shown in the inset of Fig. 8(b),
first, the posture corrector and the climbing harness were re-
moved from the device. The test was conducted for six modes
shown in Fig. 8(a). We tested the three stiffness levels in the
maximum slack (mode 1-3) and zero slack (mode 4-6) as they
result in the lowest and the highest force applied by the device.
In the experiment, the upper muscle mount and the bottom of the
VS resistance band were stretched by the Instron tensile machine
at 1 mm/s. Each tensile test was repeated thrice. We tested
the device in two modes: maximum slack and minimum slack.
Before testing, the distance between the Instron grippers was set
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Fig. 8. (a) Device modes. (b) Tensile testing results of the device across its modes. Solid lines with shaded regions indicate the mean and standard deviation of
experimental results, and dotted lines indicate analytical curves. (c) Force vs angle between the trunk and the hip characteristics of the device while squatting in
each device mode. (d) Force vs angle between the trunk and the hip characteristics of the device while stooping in each device mode.

to the length of the device in the minimum slack configuration
for both test cases. We stretched the device by 100 mm and
167 mm in the two test cases, respectively, to account for the
anticipated slack length of 67 mm.

Fig. 8(b) shows that when no patches are jammed with the
origami muscle at its rest length, the device applies an assistive
force with a stiffness of 0.58 N/mm (Mode 1). When the longer
patch (Patch 1) is jammed, the device becomes stiffer, applying a
force at 0.92 N/mm (Mode 2). With both the patches jammed, the
device can apply a force at 1.7 N/mm (Mode 3). The designed
stiffness values were 0.6 N/mm, 0.94 N/mm and 1.64 N/mm
with kconn = 4.1 N/mm computed inversely using (8). The root
mean squared error (RMSE) in the experimental force compared
to the analytical force was 3.88 N, 6.22 N, and 8.27 N in the
low, medium, and high stiffness levels, respectively, potentially
validating our model. Furthermore, existing soft, passive devices
use a fixed stiffness of 0.8 N/mm [16], while our soft hybrid
device offers three stiffness levels around this value. When the
origami muscle is contracted, the slack in the device is reduced
to zero, indicating that the device begins applying an assistive
force as soon as the displacement occurs. The darker curves
corresponding to the three stiffness levels with the contracted
origami muscle are parallel to those representing the stiffness
levels with the origami muscle at rest length. Further, the device
provides a slack range from 0 to 67 mm that corresponds to a
contraction ratio of 42.67% of the origami muscle.

V. HUMAN EXPERIMENT

We conducted human experiments approved by the Institute
Review Board at Arizona State University (STUDY0020698).

A. Experimental Protocol

The trunk angle α, defined as the sagittal plane angle between
the torso and thigh was measured in human subjects using an
8-camera Vicon motion capture system (Vicon Motion Systems
Ltd., Oxford, U.K.) and calculated with the Plug-in Gait marker

set by summing the relative thorax and hip angles relative to
the absolute pelvis angle [29]. A load cell (Model LCM300,
FUTEK, accuracy ±0.25%) was incorporated between the pos-
ture corrector and the upper muscle mount to measure the force
applied by the device during the human experiment. All data
were processed in MATLAB 2024a (MathWorks, Inc.), with
kinematic data filtered using a fourth-order zero-lag 6 Hz low-
pass filter, while raw load cell data was used without filtering.

Three subjects attended the lab on two separate days, includ-
ing a squat and stoop lifting day, respectively. On each day, six
randomized device modes were tested. After a detailed explana-
tion of the protocol, subjects donned the device, after which the
origami muscle was fully contracted, and the thigh straps were
tightened to eliminate slack, ensuring maximum contraction
corresponded to zero slack and the rest length provided 67 mm
of slack. Before experiments, subjects completed a 30-second
motion capture calibration trial. A 60 bpm metronome ensured
a consistent 10-second squatting/stooping period.

B. Results and Discussion

Fig. 8(c) and (d) show the force measured by the load cell vs
the the angle between the trunk and the hip across the six device
modes during squatting and stooping, respectively. The force
profiles during both squatting and stooping exhibit similar trends
to those observed in the tensile testing. Quantitatively comparing
the tensile test with the human experiments is challenging due
to the non-linear and subject-specific relationship between the
device stretch and trunk flexion angle. The non-zero load cell
reading in the maximum slack modes (modes 1, 2, and 3) can
be attributed to the partial device weight. With the 67 mm slack
tuning, the device provides an angular slack range from 0 to 40◦

of trunk flexion. Due to the attachment and coupling with the
human body, the peak forces in the human experiments were
lower than those in the tensile testing. The aim of this work
was to introduce and validate the tuning principles; we did not
optimize the body attachments to achieve higher peak forces
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and instead used off-the-shelf attachments. Though the tuning
is limited to linear force profiles, it has the potential to provide
assistance closer to optimal value across a wider range of back
movements than soft, passive devices without adding heavy and
bulky parts like active devices.

The mode switching can be automated in the future with a
thorough evaluation of the accuracy, robustness, and latency
of the mode switching. While the origami muscle actuation is
too slow for use during movement, slack adjustments can be
completed beforehand, like increasing slack before sitting or
walking.

VI. CONCLUSION

We proposed a lightweight, compact, soft BSD that offers
assistive force profile tuning with three different stiffness levels
and tunable slack. Our device improves upon state-of-the-art soft
passive BSDs by enabling users to select a force profile without
making it bulky and heavy like highly tunable active devices.
We also presented an analytical model that facilitates the design
of desired force profiles and validated the tuning capabilities of
the device via human experiments.

Although we demonstrated force profile tuning on human
subjects, future work should focus on optimizing the body at-
tachment design to achieve a higher peak assistive force. Further
investigation into the effects of device tuning on back muscle
activity could provide valuable insights into the biomechanical
benefits of the device’s adjustable features. We envision that
devices utilizing this tuning principle will be widely used in
daily life, particularly for elderly individuals with weakened
back muscles.
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