actuators

Article

Geometry-Adaptive Kinematics and Experimental Validation of
a Linear-Actuator-Driven Parallel Lumbar Exoskeleton

Han Xiao 1, Fei Chen 1©©, Guanbin Gao %*(, Pengzhen Chen 2 and Qi Li 2

W) Check for updates

Academic Editor: Zhuming Bi

Received: 28 July 2026

Revised: 1 September 2026
Accepted: 9 September 2026
Published: 12 September 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

Faculty of Chemical Engineering, Kunming University of Science and Technology, Kunming 650500, China;

xiao_han@stu.kust.edu.cn (H.X.); solarcf@163.com (E.C.)

2 Yunnan Key Laboratory of Intelligent Control and Application, Faculty of Mechanical and Electrical
Engineering, Kunming University of Science and Technology, Kunming 650500, China;
pzchen@stu.kust.edu.cn (P.C.); ligi_neo@stu.kust.edu.cn (Q.L.)

*  Correspondence: gbgao@kust.edu.cn

Abstract

Wearable lumbar rehabilitation exoskeletons require body-size adaptability and deter-
ministic kinematic modeling. Adjustable wearing structures may alter actuator anchor-
point positions, creating inconsistencies in fixed-geometry inverse kinematic models. This
study proposes a linear-actuator-driven parallel lumbar exoskeleton using a split semi-ring
variable-width platform. Transverse opening increments, /11 and h;, are introduced into
the anchor-point coordinates to reconstruct the worn geometry. A geometry-adaptive
kinematic model is developed to map task-space motions to actuator-space commands.
Multibody simulations indicate that compared with a fixed-geometry model, the proposed
approach decreases the position RMSE from 1.30 mm to 0.32 mm and the orientation RMSE
from 0.62° to 0.05°. Human-worn experiments across three healthy adult male participants
yielded a global actuator displacement RMSE of 0.08-0.09 mm, a task-space position RMSE
of 4.73-7.64 mm, and an orientation RMSE of 0.71°-1.09°. These task-space errors charac-
terize the exoskeleton-platform motion measured by optical marker clusters rather than
directly measured anatomical lumbar-spine kinematics. Rigid testbench validation iso-
lated the kinematic mechanism from human-interface compliance, reducing the testbench
position RMSE from 3.07 mm to 1.86 mm and the orientation RMSE from 0.78° to 0.34°
compared to the fixed-geometry assumption. These results provide a proof-of-concept
validation for the feasibility of the architecture and model for lumbar exoskeletons with
transverse width adjustability.

Keywords: lumbar rehabilitation; exoskeleton; parallel mechanism; linear actuator;
geometry-adaptive kinematics; transverse adaptation; trajectory tracking

1. Introduction

Low back pain is one of the major causes of long-term activity limitation and re-
habilitation demand worldwide. Recent global burden analyses indicate that, although
age-standardized rates vary across regions and populations, the absolute number of people
affected by low back pain remains substantial [1]. For chronic low back pain, exercise-based
rehabilitation and physical therapy interventions are widely recommended, including
therapeutic exercise, trunk mobility training, and movement control exercises [2,3]. Spe-
cific lumbar exercise directions, such as flexion- and extension-based training, have also
been investigated in clinical studies [4]. These studies indicate that lumbar rehabilitation
requires repeatable, quantifiable, and direction-specific trunk motion training. However,
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conventional therapist-assisted rehabilitation is often limited by treatment repeatability,
quantitative evaluation, and clinical resource availability. Therefore, robotic lumbar reha-
bilitation devices provide a promising solution by delivering programmable assistance,
standardized motion trajectories, and measurable training processes. For wearable re-
habilitation systems, this solution further requires the mechanism to satisfy body-size
adaptability, motion safety, and trajectory controllability under human-worn conditions.

Existing wearable back-support devices have been widely investigated for occupa-
tional assistance, load reduction, pain relief, and ergonomic support. Passive and quasi-
passive devices can reduce metabolic cost, back muscle activity, or lumbar loading during
lifting and forward-bending tasks [5-8]. Active wearable lumbar assistance devices have
also been developed to provide task-specific support and have been evaluated in terms
of lumbar muscle activity, perceived discomfort, pain relief, and in-field ergonomic per-
formance [9-12]. Recent studies and reviews have further extended the evaluation of
back-support exoskeletons to complex repetitive tasks, commercial benchmarking, and
industrial application scenarios [13-16]. These studies demonstrate the potential of wear-
able lumbar devices for reducing physical workload and improving ergonomic assistance.
Nevertheless, their primary objective is usually to provide external support under spe-
cific occupational tasks, rather than to generate prescribed multi-degree-of-freedom trunk
motions for rehabilitation. In contrast, lumbar rehabilitation requires the robot to guide
repeatable and quantifiable trunk trajectories, including flexion/extension, lateral bending,
and compound circumduction motions.

To meet these multi-degree-of-freedom motion requirements, parallel and multi-
branch robotic architectures have been explored for spine, lumbar, and trunk rehabil-
itation. Compared with support-oriented wearable devices, parallel mechanisms can
connect the upper trunk and pelvic regions through multiple actuated limbs, thereby pro-
viding compact multi-DOF motion generation, high load-carrying capability, and explicit
task-to-actuator motion mapping. Stewart-Gough-based robotic spine exoskeletons have
been used to control torso posture and characterize three-dimensional trunk stiffness in
spine-related rehabilitation scenarios, such as the treatment of spine deformity and scolio-
sis [17,18]. Other lumbar and trunk rehabilitation robots based on parallel or multi-DOF
topologies, such as 4-UPS+PS, 4-SPU/SP, 4-UPS/RRR, and six-degree-of-freedom lum-
bar exoskeleton systems, have also been developed for lumbar support, lumbar traction,
range-of-motion training, workspace analysis, and rehabilitation-oriented trunk motion
generation [19-22]. From the perspective of mechanism topology, active wearable lum-
bar systems can be categorized into belt-based architectures and rigid-platform parallel
architectures. Belt-based systems (such as the commercial Japet.W [10], which utilizes
four linear actuators coupled via textile belts for lumbar distraction and pain relief) offer
high wearing compliance. However, compliant textile interfaces make deterministic multi-
DOF anchor-point reconstruction challenging under tightening tension and trunk motion,
making such configurations primarily suited for axial unloading rather than deterministic
multi-DOF trajectory guidance. In contrast, rigid-platform parallel architectures preserve
deterministic anchor coordinates for exact kinematic modeling, but fixed-size frames lack
adaptability to inter-subject pelvic and waist width variations. Therefore, existing lumbar
devices face a fundamental trade-off between body-size adaptability and deterministic
multi-DOF trajectory controllability, which cannot be resolved solely through standard
algorithmic recalibration without structural constraints.

This challenge can be summarized as the conflict between body-size adaptability
and deterministic actuator-space trajectory generation. More specifically, it can be under-
stood from structural, modeling, and command-generation aspects. At the structural level,
flexible or compliant wearing interfaces can adapt to different body shapes and improve
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wearing comfort, but they cannot always guarantee stable actuator anchor-point coordi-
nates after wearing because of human contact, soft-tissue deformation, and interface sliding.
In contrast, fixed-size rigid closed-loop platforms can provide stable geometric references
and are convenient for kinematic modeling, but their adaptability to different trunk and
pelvic widths is limited. At the modeling level, if the geometric changes introduced by
the worn configuration are not considered, the actuator anchor-point coordinates used
in the inverse kinematic model may be inconsistent with the actual worn geometry. At
the command-generation level, this inconsistency may cause model-induced limb-length
errors when prescribed task-space lumbar trajectories are mapped to actuator-space dis-
placement commands, thereby affecting trajectory tracking and motion reproduction in
the human-worn configuration. Therefore, the key scientific problem addressed in this
study is how to preserve deterministic and measurable actuator anchor-point geometry for
actuator-space trajectory generation while allowing a wearable parallel lumbar platform to
adapt to user-specific body widths.

To address this problem, this paper proposes a variable-geometry linear-actuator-
driven parallel lumbar exoskeleton with split semi-ring platforms and develops a
transverse-gap-based kinematic modeling method. The upper and lower platforms are
divided into left and right semi-ring modules connected by transverse guide pairs. This
structure allows the platform width to adapt to the user’s body while preserving locally
rigid anchor-point references for the six actuated limbs. The transverse gaps of the up-
per and lower platforms are measured as h; and hy, respectively, and these measurable
geometric variables are introduced into the anchor-point reconstruction model. Based
on the reconstructed worn geometry, task-space lumbar rehabilitation trajectories are
mapped into actuator-space displacement commands for simulation and human-worn
prototype validation.

The main contributions of this work are summarized as follows:

1. A variable-geometry parallel exoskeleton architecture is proposed to address the con-
flict between body-size adaptability and deterministic kinematic modeling in wearable
lumbar rehabilitation systems. The split semi-ring platforms allow transverse adapta-
tion to different users while preserving locally rigid anchor-point references for the
six actuated limbs.

2. A transverse-gap-based kinematic modeling method is developed for the pro-
posed wearable parallel mechanism. By introducing the measurable gap variables
of the upper and lower platforms, the actuator anchor-point coordinates are ex-
plicitly reconstructed, enabling accurate inverse kinematics under user-dependent
geometric conditions.

3. Anactuator-space trajectory generation and validation framework is established for
representative lumbar rehabilitation motions, including flexion/extension, lateral
bending, and figure-eight circumduction. The proposed variable-geometry model is
evaluated through multibody simulation and human-worn prototype experiments
in terms of limb-displacement continuity, actuator-displacement feasibility, and task-
space tracking consistency.

The rest of this paper is organized as follows. Section 2 presents the variable-geometry
linear-actuator-driven parallel lumbar exoskeleton architecture. Section 3 develops the
transverse-gap-based kinematic model and anchor-point reconstruction method. Section 4
describes the task-to-actuator trajectory generation framework. Section 5 reports the
multibody simulation studies. Section 6 presents the human-worn prototype experiments.
Section 7 discusses the results and limitations. Section 8 concludes this paper.
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2. Linear-Actuator-Driven Parallel Lumbar Exoskeleton Architecture

This section presents the exoskeleton architecture from the perspective of geometry-
adaptive modeling and actuator-space controllability. Rather than describing the hardware
as an isolated mechanical assembly, the architecture is analyzed according to its ability
to support measurable transverse adaptation, deterministic anchor-point definition, and
actuator-space command generation.

2.1. Design Requirements

The proposed exoskeleton is intended to provide repeatable multi-DOF lumbar reha-
bilitation motions while remaining wearable for users with different body sizes. To achieve
this objective, three design requirements are considered.

First, the structure should provide body-size adaptability. The width of the waist—
pelvis region varies among users, and a fixed closed-loop rigid frame may therefore lead
to poor fit or unstable contact. Accordingly, the upper and lower platforms should allow
transverse adaptation during wearing.

Second, the structure should maintain deterministic anchor-point geometry. For a
parallel mechanism, the attachment-point coordinates directly determine the inverse kine-
matic solution. If the anchor points are mainly supported by flexible straps or deformable
soft interfaces, their positions may drift under load, thereby reducing modeling accuracy.
Therefore, the actuator attachment points should be located on locally rigid modules.

Third, the system should support actuator-space controllability. The desired lumbar
motion must be converted into displacement, velocity, and axial force commands for the
six linear actuators. Thus, the architecture should provide clearly defined actuator-space
variables and measurable geometric parameters for real-time command generation.

2.2. Qverall Parallel Architecture

Based on the above requirements, the proposed exoskeleton consists of an upper
platform, a lower platform, six integrated linear actuators, and a binding interface. The
lower platform is worn around the pelvis region, whereas the upper platform is worn
around the upper trunk. The six linear actuators connect the upper and lower platforms
through 6-UPS (universal-prismatic-spherical) joint configurations, enabling the upper
platform to move relative to the lower platform in six degrees of freedom. In the kinematic
model, the lower platform is treated as the base, and the upper platform is treated as the
moving platform.

During rehabilitation, the target lumbar motion is described as a desired task-space
pose of the upper platform relative to the lower platform. This spatial motion comprises
three rotational components and three translational components of the human trunk, which
are directly realized by the 6-UPS parallel architecture. The geometry-adaptive inverse
kinematics then maps this desired pose into six actuator-space references. In this way, the
linear-actuator-driven parallel architecture provides the mechanical basis for converting
task-space rehabilitation trajectories into actuator commands.

2.3. Split Semi-Ring Platform and Transverse Adaptation

To improve body-size adaptability while preserving anchor-point determinacy, a
split semi-ring adaptive platform is designed, as shown in Figure 1. Both the upper and
lower platforms are composed of left and right symmetric semi-ring modules. These two
semi-rings are connected by transverse linear guide pairs. The semi-ring bodies provide
locally rigid references for the branch attachment points, whereas the guide pairs release
the transverse width constraint and allow the platform to adapt to the user’s body size
during wearing.
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Upper trunk plane

Pelvic plane

Figure 1. Split semi-ring platform and transverse adaptation mechanism.

The platform locking force is provided by a BOA lacing system. During wearing, cable
tension pulls the left and right semi-ring modules toward the human body until stable con-
tact is formed between the support surfaces and the body. After locking, the lateral relative
motion of the semi-rings is constrained by cable tension and human contact, allowing the
structure to behave as a six-DOF parallel mechanism with stable hinge geometry. Thus,
the guide sliding mechanism accommodates body-width variation, while the hinge points
remain mounted on rigid modules rather than directly on deformable soft straps.

Let the effective transverse gap of the upper platform be denoted by h; and that of
the lower platform by h;. Specifically for the lower platform, as illustrated in Figure 1, this
effective gap is determined by h, = hy — h3. Here, hy represents the total physical distance
between the left and right semi-ring modules, and 13 denotes the constant width of the
central fixed spacer. These gap parameters characterize the geometric changes generated
during the wearing and locking process. They are later used as inputs for reconstructing
the upper and lower anchor-point coordinates.

2.4. Linear Actuation Unit and Actuator-Space Variables

Six integrated linear actuators are used as active branches. To meet the requirements
of compactness, stroke range, and response speed in wearable rehabilitation systems, a
compact motor-screw actuator is designed, as shown in Figure 2. The actuator mainly
consists of a miniature brushless DC motor, a ball screw, a magnetic encoder, a film
displacement sensor, and an embedded motor driver board. The motor and ball screw
are arranged coaxially, which reduces intermediate transmission elements and improves
structural integration.

The magnetic encoder measures the motor rotor position, while the film displacement
sensor measures the absolute linear displacement of the push rod. The driver board
integrates a three-phase inverter, current sensing, and a microcontroller, thereby enabling
local current-loop control and state acquisition. Through an FDCAN bus, the host computer
sends target position, target velocity, stiffness, damping, and feedforward force commands
to each actuator and receives actuator position, velocity, and motor state feedback.
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Radial magnet BLDC motor Ball screw linear bearing Spherical joint

Figure 2. Integrated linear actuation unit.

For the ith actuator, let §; be the motor output angle, and ps be the screw lead. In the
kinematic model, /; represents the theoretical branch length (i.e., the Euclidean distance
between the upper and lower anchor points), and /g is this theoretical length at the neutral
pose. In the physical implementation, the film displacement sensor provides an absolute
position reading s; relative to its hardware zero-position, with sy being the initial sensor
reading at the neutral pose.

To bridge the kinematic model and the hardware measurement, the actuator-space
variables are defined as

si=sot 8,  gi=si—so=l—lo, 4= ;—;91‘, )

21
where g; is the relative actuator displacement. By defining g; as the displacement relative
to the neutral pose, the constant mechanical offset between the theoretical branch length
and the sensor’s physical installation zero is inherently canceled out (I; — lijp = s; — sig).

Consequently, g; serves as the command variable for kinematic mapping and tracking
control. Note that to accurately reflect the true mechanical state of the device, the absolute
sensor reading s; is utilized to depict the stroke limits and experimental actuator trajectories
in the subsequent sections.

Let 7; be the motor output torque and # be the transmission efficiency. Neglecting
friction and inertia, the axial output force F; is approximated by

27ty

F=
i Ps

T. (2)

The motor uses field-oriented control, and the g-axis current is treated as the torque-

producing current:

_ 2mnK;
Ps

where K; is the motor torque constant and I;; is the g-axis current. Equations (1)-(3)

T =Kilgi, K Iy, 3)

define the actuator-space displacement, velocity, and force variables used in the subsequent
trajectory tracking implementation.

According to the selected hardware parameters, the rated torque of the 1806 brushless
motor is approximately 0.03 N - m, the rated speed is 800 rpm, the screw lead is 0.001 m, and
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the comprehensive transmission efficiency is approximately 0.9. Based on these parameters,
the rated linear velocity and continuous output force of a single actuator are calculated as

_ NMyps

=5 ~ 13.33 mm/s, 4
F = 27;’7“ ~ 169.65 N. )
S

These calculations indicate that the compact actuator can provide a theoretical continu-
ous output capacity of approximately 170 N for each branch (with motor torque constant
K; = 0.06 N-m/A), which serves solely as an idealized theoretical benchmark of actu-
ator power margin neglecting transmission friction and dynamic loads, rather than an
experimentally validated force capability.

3. Geometry-Adaptive Kinematic Modeling

This section derives the geometry-adaptive kinematic model of the proposed linear-
actuator-driven parallel lumbar exoskeleton. Specifically, the term “geometry-adaptive”
refers to a configuration-dependent kinematic parameterization based on the measured
transverse gaps after wearing and locking, rather than online geometric adaptation during
motion. Since the upper and lower platforms can be opened laterally during wearing,
the transverse gap parameters h; and hy are explicitly introduced into the anchor-point
coordinates. Here, 111 and h; denote the additional transverse gaps of the upper and lower
platforms relative to the fully closed configuration, respectively. Therefore, h; = 0 and
hy = 0 correspond to the closed upper and lower platforms.

3.1. Coordinate Systems and Nominal Anchor Points

A base coordinate frame { B} and a moving platform coordinate frame { P} are defined
on the lower and upper platforms, respectively, as shown in Figure 3. The origin Op of
{B} is located at the nominal geometric center of the lower platform. The Xp axis points
toward the front of the human body, the Y3 axis is along the transverse guide direction and
points to the left side of the human body, and the Zp axis is normal to the lower platform
plane. Similarly, the origin Op of {P} is located at the nominal geometric center of the
upper platform. In the neutral pose, the axes of { P} are parallel to those of {B}.

Figure 3. Coordinate systems and anchor-point definition.

Let B; and P; denote the lower and upper anchor points of the ith branch, respectively.
Since the nominal anchor-point coordinates are measured when the upper and lower

https:/ /doi.org/10.3390/act15090485
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platforms are fully closed, their coordinate vectors under the closed reference configuration
are defined as

T T
0 0 0 0 0 »
b} = [xgi v, zgl} , pl= [xpi Vo Zyi| . i=12,...,6 (6)

Here, the superscript 0 denotes the closed reference configuration.

3.2. Anchor-Point Reconstruction with Transverse Gaps

During wearing, the left and right semi-ring modules slide symmetrically along the Y
direction. Therefore, an additional transverse gap produces a displacement of half of the
gap value on each side. The side signs of the upper and lower anchor points are defined as

Spi = sgn (ygi), Spi = sgn(ygi), SpisSbi € {-1,1}. (7)

Accordingly, when the additional transverse gaps of the upper and lower platforms are /1
and hy, the reconstructed anchor-point coordinates are written as

xY 0

pi ) Xpi "
pi(h) = ]/21-+Spi71 , bi(hy) = y2i+sbi?2 : (8)
Z?}i Zgi

Equation (8) converts the wearing-induced transverse opening into explicit variations of
the anchor-point coordinates.

3.3. Geometry-Adaptive Inverse Kinematics

Let the pose of the moving platform frame {P} relative to the base frame {B} be
described by the translation vector t and the rotation matrix R:

t=[x y Z}T, R = R:(7)Ry (B)Ry (a). 9

Here, «, B, and v denote the roll, pitch, and yaw angles about the X, Y, and Z axes,
respectively. The rotation matrix is expressed using the ZYX sequence.
For the ith branch, the upper anchor point expressed in the base frame is

Ppi = t+ Rp;(ln). (10)
Thus, the branch vector of the ith actuator is
L; = "pi — bi(h2) = t+ Rp;(ln) — b; (). (11)
The corresponding branch length is
li = [ILi|| = [[t + Rpi(h1) — b;i(h2)||. (12)

For actuator-space command generation, the actuator displacement is defined relative
to the neutral pose under the same worn configuration. Let the neutral pose be denoted by
tp and Rg. The reference branch length is then

lig = |lto + Ropi(h1) — bi(ha)]|. (13)
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Therefore, the actuator displacement command of the ith branch is

q; = l; — ljp. (14)

Equations (8)—(14) constitute the geometry-adaptive inverse kinematic model. Compared
with a fixed-geometry model, this model updates the branch lengths according to the
transverse openings of the upper and lower platforms.

3.4. Comparison with a Nominal Fixed-Geometry Model

For comparison, a nominal fixed-geometry baseline is defined using constant default
transverse gaps of i; = 20 mm and /1, = 30 mm. These values correspond to the nominal
mid-range opening state of the transverse slide guides during initial CAD dimensioning.
In a conventional unadapted control scheme, inverse kinematics typically assumes such
fixed nominal dimensions. Contrasting the proposed model against this baseline illustrates
the magnitude of model-induced kinematic distortions when user-specific worn geometry
is neglected. The corresponding fixed anchor-point coordinates are defined as pfix =p;(h)
and bfix = b;(hy). Consequently, the fixed-geometry branch vector and branch length are

given by
Lfix =t4+ R fix bfix lﬁX o ‘ LfiX (15)
i = Pi i i
The corresponding reference branch length at the neutral pose is calculated as
15 = ||to + Rop™ — b (16)
Thus, the fixed-geometry actuator displacement command is
g = 11 @)

The geometric mismatch between the geometry-adaptive command g; and the fixed-
geometry command qfix directly governs the task-space motion fidelity. Although forward
kinematics is not required for error evaluation in this study due to direct optical motion-
capture measurements, it can be formulated consistently via the kinematic loop constraints
®;(t,R) = [[t+Rp;(h1) —bi(h2) > =7 =0(=1,...,6).

To analytically evaluate the kinematic sensitivity of the platform pose to transverse gap
variations, the complete differential mapping is established. For a small platform translation
perturbation Jt, a small rotation vector perturbation ¢, and unmodeled gap discrepancies
Sh = [6hy, 6hy)T, differentiating the branch length I; = ||L;|| yields the first-order variation:

1 1
ol = ulT(St + (Rpi X ui)T(5¢ + Espiu;rRey‘Shl — Eshiuiyéhz, (18)

where u; = L;/I; is the branch unit vector, e, = [0, 1, 0], and u;, is the transverse projection
of u;. Stacking Equation (18) for all six limbs yields the overall differential system:

81 = Jxox + J0h, (19)

where 6x = [6tT,5¢T]T € R®, and the i-th rows of the platform Jacobian J, € R®*® and gap
sensitivity matrix Jj, € R®*? are explicitly defined as

Jyi= [H,T (Rp; x ui)T}r Jni = [%Srﬂi“z’TRey — 3Spilliy |- (20)

When the actuators execute branch-length commands generated from an unadapted ge-
ometric baseline (51 = 0), the model-induced task-space pose deviation caused by gap
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discrepancies 6h is governed by dx = —J; J;,6h. Because the side signs Spi,Spi € {—1,1} are
anti-symmetric across the sagittal plane (positive on the left, negative on the right), an un-
modeled transverse gap discrepancy (6h, dhy) induces opposite differential displacement
variations on contralateral branches (0ljey &~ —0l1ignt). Acting through the longitudinal
moment arms (xgi # 0), this bilateral push—pull actuation predominantly generates a
rotational couple about the vertical Z-axis (yaw) via the inverse Jacobian mapping —J;!. In
contrast, pitch rotation requires anterior—posterior differential actuation and is decoupled
from transverse opening variations since s,; and s;; are independent of the longitudinal
coordinates, while roll rotation is constrained by vertical branch geometry. This analytical
formulation proves that yaw orientation is the primary component sensitive to transverse
gap errors, demonstrating that explicitly updating 1 and h, is mathematically essential to
eliminate systematic contralateral kinematic distortion across diverse body sizes.

4. Geometry-Adaptive Task-to-Actuator Trajectory Generation and
Tracking Implementation

The desired lumbar rehabilitation motion is first generated in task space and then
mapped into actuator displacement commands through the geometry-adaptive inverse
kinematics. This section describes a practical actuator-space trajectory tracking framework
to validate the proposed mechanism and kinematic model.

4.1. Task-Space Rehabilitation Trajectory Generation

Spinal biomechanical studies demonstrate that the instantaneous center of rotation
(ICR) of lumbar motion segments remains confined within a localized spatial envelope
during conservative flexion movements [23]. From an engineering and rehabilitation stand-
point, gross trunk articulation during standardized exercises can thus be reasonably param-
eterized relative to an equivalent fixed virtual center of rotation, with residual biological
deviations buffered by interface compliance. To generate repeatable and adjustable lumbar
rehabilitation trajectories, this study uses parameterized functions to describe the desired
task-space motion of the upper platform. Since flexion/extension is commonly used in lum-
bar exercise interventions for chronic low back pain [4], flexion/extension, lateral bending,
and figure-eight circumduction are selected as representative rehabilitation trajectories.

The lumbar motion of the human—exoskeleton system is approximated as a rotation of
the upper platform around an equivalent rehabilitation center. The rehabilitation motion is
described by flexion/extension, lateral bending, and axial rotation components, denoted
by 0¢(t), 6,(t), and 6,(t), respectively.

To represent asymmetric motion amplitudes in opposite directions, the following
periodic function is defined:

Atsin(wt), sin(wt) >0,
O AT, A = sin(wt), sin(wt) > 1)
A~ sin(wt), sin(wt) <0,

where A* and A~ are the positive and negative angular amplitudes, respectively, and w
is the angular frequency. In practical control implementation, a low-pass trajectory filter
(second-order Butterworth filter, 1.0 Hz cutoff) is applied to this theoretical reference to
smooth the velocity transition at the zero-crossing, thereby preventing mechanical jerks
and ensuring safe human—exoskeleton interaction. To ensure physiological safety, target
angular amplitudes are strictly restricted within 30-50% of normal human anatomical limits
(detailed in Section 6).
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For flexion/extension and lateral bending trajectories, the angular references are
given by

Flexion/extension: 0¢(t) = ®(t; Ar, A), 0;(t) =0, 04(t) =0,
=0, 0

22
Lateral bending: 6;(t) = @(t; A, Ar), 0f(t) 0,(t) = )

For compound rehabilitation trajectories, the angular functions in the three directions can
be combined as:

Op(t) = g¢ (), 61(t) = gi(t),  Oa(t) = galh). (23)

To evaluate the system’s capability in tracking fully coupled spatial motions, the figure-
eight circumduction trajectory is constructed by combining all three directional compo-
nents. Specifically, the functions are defined with a synchronized frequency relationship as
gr(t) = Agsin(wt), g(t) = Ajsin(2wt), and g,(t) = A, sin(wt).

Let the equivalent rehabilitation center and the neutral moving-platform center be

T T
C= [cx c, HC} . po= [XO Yo H} . (24)
The desired rotation matrix is constructed as

Ry(t) = Ra(0(1)Ry (67() ) Ra(61(1)), 5)

which is consistent with the ZYX rotation sequence used in the kinematic model. The
desired position of the moving-platform center is calculated as

pa(t) = C+Ry(t)(po — C). (26)

Thus, p,(t) and R;(t) provide the task-space input for actuator-space command generation.
The equivalent rehabilitation center C is estimated in the mid-sagittal plane at the lumbar re-
gion relative to the lower base platform. The prescribed angular trajectory R;(t) is indepen-
dent of this choice, while the derived platform translation satisfies ép4(t) = (I — R;(t))éC.
For the prescribed rehabilitation ranges (6 < 24.0°), the translational perturbation is ge-
ometrically attenuated by ||I — Ry(¢)|| < 2sin(0/2) < 2sin(12.0°) ~ 0.42, ensuring that
moderate center estimation offsets (||0C|| < 20 mm) produce only sub-centimeter rela-
tive displacements (<8.3 mm) that are buffered by strapping interface compliance, while
actuator displacement feasibility is verified via prior kinematic simulations.

4.2. Geometry-Adaptive Task-to-Actuator Mapping

For the ith actuator, the desired branch length under the current worn configuration is
calculated as

lai(t) = [[pa(t) + Ry(t)pi(h1) — bi(h2)]. (27)

The neutral branch length under the same transverse gaps is

lio = |lpo + Ropi(h1) — b;i(h2)|], (28)

where R is the neutral rotation matrix. Therefore, the desired actuator displacement is

4, (t) = 14,;(t) — lig. (29)
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In implementation, rather than deriving a complex Jacobian matrix for analytical velocity
mapping, the desired actuator velocity is explicitly generated via numerical differentiation
of the smoothed displacement sequence:

(k) — gai(k—1
qd,i(k) — ’7d,1( ) Z;l,z( ) (30)

This position-level mapping and subsequent numerical differentiation convert task-space
rehabilitation trajectories into actuator-space position and velocity references while ac-
counting for the transverse openings h; and h;.

4.3. Actuator-Space Tracking Implementation

Based on the geometry-adaptive task-to-actuator mapping described above, the de-
sired actuator displacement q,; and desired actuator velocity 4, ; are obtained for each
linear actuator. The proposed exoskeleton is controlled in actuator space rather than by
directly controlling the moving-platform pose. This strategy avoids solving a coupled
platform-level force distribution problem and allows each integrated linear actuator to
perform local displacement tracking.

For the ith actuator, the position and velocity tracking errors at the kth sampling
instant are defined as

ei(k) = qai(k) —qi(k),  éi(k) = dai(k) —gi(k), (31)

where g;(k) and g;(k) are the measured displacement and velocity of the actuator,
respectively.

To achieve practical tracking in the presence of unmodeled hardware friction and
local mechanical disturbances, a proportional-derivative (PD) feedback control scheme
augmented with a feedforward compensation term is utilized on the embedded driver. The
final actuator-space force command is obtained as

Fi(k) = Ky ei(k) + Ky é;(k) + F.i(k), (32)

where K, ; and K, are the linear position stiffness and velocity damping coefficients,
respectively. To counteract lumped mechanical friction during physical testing, the feedfor-
ward term F, ;(k) is implemented by adopting the Unknown System Dynamics Estimator
(USDE) framework [24]. By employing this existing filtering technique locally on the motor
driver, the actuator can better follow the geometric commands without requiring an explicit
dynamic model of the complete human-exoskeleton coupled system.

In implementation, the host computer sends the desired displacement g ;, desired
velocity 4, ;, position stiffness Kp,i, velocity damping K ;, and the feedforward term F;
to each integrated actuator through the FDCAN bus. Finally, the desired axial force is
converted into the g-axis current command of the brushless motor according to the ball-

screw transmission relationship:

() =P
1K) = o B, (33)

where ps is the screw lead, 7 is the transmission efficiency, and K; is the motor
torque constant.

4.4. Real-Time Control Implementation

The host computer performs task-space trajectory generation, geometry-adaptive
inverse kinematics, actuator-space reference generation, and command transmission. For
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each actuator, the transmitted command contains the desired displacement g, ;, desired
velocity 4, stiffness coefficient K, ;, damping coefficient K; ;, and compensation force
F. ;. Each integrated actuator performs local position sensing, current-loop control, and
motor driving. The measured actuator displacement, velocity, and motor state are then
transmitted back to the host computer through the FDCAN bus.

4.5. Performance Evaluation Metrics

To evaluate the tracking performance in both simulation and prototype experiments,
identical evaluation metrics are defined for actuator space and task space.

For the ith actuator, the tracking error at the kth sampling instant is ey, (k) = q,4,(k) —
qi(k). For a trajectory with N samples, the global actuator displacement root-mean-square
error (RMSE) and maximum error are defined as

6 N
RMSE, = % Z Z e%i(k), emax _ H}%X|eqi (k) ’ (34)

In the task space, let p;(k) and R;(k) denote the desired position and rotation matrix,
respectively, while p,, (k) and Ry, (k) denote the measured (or simulated) position and
rotation matrix. To avoid the singularity and coupling issues associated with Euler angles,
the task-space orientation error is calculated using the geodesic distance on SO(3). The
task-space position error e, (k) and orientation error eg (k) are calculated as

ey ) = lpw) — palh)],  exl) = cos 1| TRABRHE) 21T

The orientation error is converted to degrees for analysis. The corresponding task-space
position and orientation RMSEs are calculated as

(36)

5. Simulation Studies

Simulation studies are conducted to evaluate displacement feasibility and the ef-
fect of geometry-adaptive anchor-point reconstruction under representative lumbar
rehabilitation trajectories.

5.1. Simulation Setup

A multibody simulation model of the exoskeleton is built in Simscape Multibody, as
shown in Figure 4. The model includes the upper platform, lower platform, six linear
actuator branches, and the corresponding hinge constraints. The actuators are driven by
position inputs generated from the inverse kinematic model.
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Inverse kinematics
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-

Figure 4. Multibody simulation model of the lumbar rehabilitation exoskeleton.

The three rehabilitation trajectories defined in Section 4, namely flexion/extension,
lateral bending, and figure-eight circumduction, are used as simulation inputs. To compre-
hensively evaluate the influence of geometric mismatch, five simulation cases are designed
based on different combinations of the actual worn geometry and the kinematic model
assumption. Specifically, the fixed-geometry model constantly assumes transverse gaps
of hy = 20 mm and hy = 30 mm regardless of the actual wearing state. In contrast, the
geometry-adaptive model updates the anchor-point coordinates according to the measured
worn configuration. These models are tested under three actual physical gap conditions: a
fully closed state of 0 mm for both platforms, an intermediate state of 20 mm and 30 mm,
and a wide state of 54 mm and 73 mm. This wide state directly matches the physical
testbench configuration utilized in the subsequent hardware experiments.

5.2. Actuator Displacement Feasibility

The target and simulated actuator displacements are shown in Figure 5. Since the actu-
ators are driven by ideal position inputs in the multibody simulation, this figure is mainly
used to verify displacement feasibility rather than actuator-level tracking performance. The
upper and lower stroke limits are also plotted for comparison.

All Actuators Displacement Performance

80 A

60
40

20 A

Stroke (mm)
(=}

—— Act | Actual Act 3 Target —— Act 6 Actual
Act 1 Target —— Act4 Actual Act 6 Target
—40 Act 2 Actual Act4 Target ~ ==oeor Upper limit
Act 2 Target —— Act5Actual oo Lower limit
~60 = Act 3 Actual Act 5 Target
—-80 ;
0 20 40 60 80 100

Time (s)

Figure 5. Actuator displacement commands and mechanical limits.
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As shown in Figure 5, all actuator displacement commands remain within the pre-
scribed limits, indicating that the generated actuator-space commands are feasible for the
selected rehabilitation trajectories.

5.3. Pose Accuracy Comparison

To intuitively illustrate the deviation caused by geometric mismatch, Figure 6 com-
pares the simulated task-space tracking trajectories under the actual platform gaps of
hy = 54 mm and h; = 73 mm. The curves depict the prescribed target trajectory, the
simulated pose using the geometry-adaptive model, and the simulated pose utilizing the
fixed-geometry assumption.

The simulated position and orientation errors for all five simulation cases are evaluated
according to the unified task-space metrics defined in Section 4.5. For this evaluation, the
measured spatial variables are substituted with the simulated platform position pgim (k)
and rotation matrix Rgim (k). Consequently, the quantitative pose accuracy results are
summarized in Table 1.

The results in Table 1 reveal that the tracking errors remain relatively small only when
the kinematic model assumption precisely matches the actual worn geometry. For instance,
the adaptive model consistently yields minimal errors across all actual gap conditions.
Furthermore, the fixed-geometry model performs accurately only when the actual gaps
incidentally match its assumed 20 mm and 30 mm parameters. However, when this fixed
assumption is applied to unmatched actual gaps, significant model-induced position and
orientation errors emerge. Therefore, these theoretical deviations establish the importance
of geometry-adaptive anchor-point reconstruction prior to hardware validation.
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Figure 6. Comparison of simulated pose tracking with fixed and adaptive geometry.
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Table 1. Overall simulated pose errors under different geometric assumptions and actual

platform gaps.

Actual Gaps Kinematic Pos. RMSE Max. Pos. Ori. RMSE  Max. Ori.
hi,h; (mm)  Model Assumption (mm) Error (mm) (deg) Error (deg)

0,0 Fixed (20, 30) 2.15 4.76 0.53 1.20

0,0 Adaptive (0, 0) 1.68 3.67 0.06 0.22

20, 30 Fixed or Adaptive 0.97 2.10 0.06 0.20

54,73 Fixed (20, 30) 1.30 2.86 0.62 1.38

54,73 Adaptive (54, 73) 0.32 0.58 0.05 0.18

6. Prototype Experiments

To comprehensively validate the proposed geometry-adaptive mechanism and kine-
matic model, prototype experiments are conducted to evaluate actuator-space tracking
performance and task-space motion consistency. The experimental evaluation is divided
into a human-worn proof-of-concept study and a rigid testbench comparative study.

6.1. Experimental System Setup

For all subsequent experiments, the control and measurement hardware setup remains
consistent. The experimental system consists of the exoskeleton prototype, six integrated
linear actuators, a host computer, an FDCAN communication module, and an optical
motion-capture system (ChingMu). The prototype and experimental setup are shown in
Figure 7. The total mass of the wearable prototype is 2813 g, with the upper platform,
lower platform, and six linear actuation units weighing 575 g, 816 g, and 1422 g (237 g
each), respectively.

Integrated actuation unit Human-worn condition

FDCAN communication module
Power supply :

Figure 7. Prototype and experimental setup.

To ensure mechanical safety during the hardware operations, software-level current
saturation limits (0.3 A per motor on the embedded driver boards, corresponding to a
theoretical maximum axial force limit of Flti}rfory = znsz Liim ~ 101.8 N, with a 1.5 A current
ceiling on the master power supply), real-time velocity clamping, and a dedicated hardware

emergency-stop switch are applied in addition to the mechanical hard end-stops of the
actuators, which constrain the linear displacement within +75 mm, and trajectory low-pass
filtering to suppress mechanical jerks.

To accurately measure the task-space motion without being affected by global base
movements, rigid marker clusters are attached to both the upper and lower platforms. The
motion-capture system records their homogeneous transformation matrices in the world
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frame {W} in real time, denoted as "V Tp(t) and "W Tp(t), respectively. The relative pose of
the upper platform with respect to the lower base is calculated as

BTp(t) = (WTB(t))_lep(t), (37)

from which the experimental position vector p(t) and Euler angles «(t), B(t), y(t) are
extracted. Data synchronization between the Robot Operating System (ROS) environment
on the host computer and the motion-capture system is achieved using aligned absolute
world time timestamps.

6.2. Human-Worn Validation

The general control and sampling parameters are summarized in Table 2, where FE,
LB, and FC denote flexion/extension, lateral bending, and figure-eight circumduction
trajectories, respectively. To validate the motion-generation capability and body-size
adaptability of the proposed system, human-worn experiments were conducted with three
healthy adult male volunteers having distinct anthropometric dimensions (Table 3). After
the upper and lower split semi-ring platforms were worn and locked, the user-specific
transverse gaps (h; and hy) were measured to reconstruct the anchor-point coordinates.

Table 2. Experimental control and trajectory amplitude parameters.

Control Parameter Value Trajectory Parameter Value
Upper-level loop 1kHz Flexion/extension (Af/A,) +24.0°/—-10.0°
Current loop 20 kHz Lateral bending (A;/A;) +9.0°/-9.0°
Position stiffness Kp 150 N/mm  Circumduction (A fr A, Ay 8.0°,6.0°,3.0°
Velocity damping K; 2N:s/mm Evaluated motions FE, LB, FC

Table 3. Participant anthropometric characteristics and measured transverse gaps.

Participant Height (cm) Weight (kg) Upper Gap h; (mm) Lower Gap h; (mm)

Subject 1 172 63 64 40
Subject 2 178 73 70 47
Subject 3 176 84 104 64

The three rehabilitation trajectories were executed by each participant on the wearable
prototype. The experimental tracking results are illustrated in Figure 8, organized into three
columns for the FE, LB, and FC motions. The top row depicts human motion schematics
and the corresponding X-Y plane trajectories. The second row displays the representative
actuator displacement tracking curves for Subject 1, as all three subjects exhibited simi-
larly precise actuator tracking. The subsequent six rows compare the task-space tracking
responses of all three participants (Subjects 1-3) against the target trajectories across three
positions (X, Y, Z) and three orientations (Roll, Pitch, Yaw).

For actuator-space analysis, the tracking error of the ith actuator is defined as
eq;(k) = qa,i(k) — qi(k), where q4,(k) and g;(k) are the desired and measured displace-
ments at the kth sampling instant, respectively. The overall displacement RMSE and
maximum displacement error are calculated as

1 6
i=1

N

Y e2(k), ™= n}%x{eqi (k)|. (38)
k=1 /
Actuator-space and task-space tracking performance were evaluated using the unified

metrics defined in Section 4.5. The quantitative experimental results across all participants
are summarized in Table 4.
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Figure 8. Experimental tracking results across participants.

Table 4. Experimental tracking errors across participants and rehabilitation motions.

Participant Motion Disp. RMSE Disp. Max Pos. RMSE Pos. Max Ori. RMSE

(mm) (mm) (mm) (mm) (deg)

FE 0.10 0.79 3.79 9.44 1.07

Subiect 1 LB 0.09 0.48 6.17 12.26 0.99
) FC 0.09 0.75 4.21 8.97 1.22
Global 0.09 0.79 4.73 12.26 1.09

FE 0.08 0.77 6.88 14.75 0.94

Subiect 2 LB 0.09 0.49 8.74 16.44 1.10
) FC 0.08 0.59 7.67 17.31 1.00
Global 0.08 0.77 7.64 17.31 1.01

FE 0.09 0.70 6.92 13.01 0.84

Subiect 3 LB 0.09 0.53 5.66 10.18 0.58
) FC 0.08 0.58 5.73 10.43 0.71
Global 0.08 0.70 6.01 13.01 0.71

Across all three participants, the linear actuators tracked the displacement commands
accurately, yielding global displacement RMSEs between 0.08 mm and 0.09 mm with maxi-
mum displacement errors below 0.79 mm. At the task-space level, the global position RMSE
ranged from 4.73 mm to 7.64 mm, and the global orientation RMSE remained between
0.71° and 1.09°. As observed from the trajectory tracking profiles in Figure 8, task-space
deviations were primarily concentrated along the transverse (Y) axis, attributable to the
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structural flexibility of the sheet-like 3D-printed brackets and strapping interface compli-
ance. It should be noted that this accuracy refers to the motion of the exoskeleton platform
measured by marker clusters, not to the directly measured motion of the lumbar spine. Ow-
ing to the split semi-ring platform design, nominal anchor coordinates remain fixed within
the rigid modules, constraining wearing-induced geometric variations exclusively to the 1D
transverse increments /1; and k. The prominent yaw deviation observed under geometric
mismatch is consistent with the analytical sensitivity derived in Equations (18)—(20), where
contralateral differential branch variations couple directly with the vertical rotational axis
through the inverse Jacobian mapping.

These multi-subject results demonstrate the preliminary motion-generation feasi-
bility of the geometry-adaptive parallel exoskeleton system across the tested range of
body dimensions.

6.3. Rigid Testbench Validation

To remove these uncontrollable human-device compliance and interface motions and
test the kinematic accuracy under rigid mounting, a comparative test was conducted on a
rigid testbench without human involvement.

The prototype was fixed with actual transverse gaps of 1; = 54 mm and h; = 73 mm.
Two sets of actuator commands were generated and executed for comparison: one using a
baseline fixed-geometry model (which assigned nominal default values of #; = 20 mm and
hy = 30 mm) and the other using the proposed geometry-adaptive model with the actual
measured gaps.

The quantitative task-space pose errors under the two modeling conditions are summa-
rized in Table 5, and the corresponding pose tracking trajectories are compared in Figure 9.
The results demonstrate that generating commands based on an inaccurate fixed-geometry
assumption leads to significant task-space deviations on the physical hardware. In contrast,
the geometry-adaptive model correctly reconstructs the anchor points, thereby minimizing
model-induced tracking errors on the physical prototype.
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Figure 9. Task-space tracking results in the rigid testbench experiment.
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Table 5. Overall pose errors in the rigid testbench experiment.

Pos. RMSE Max. Pos. Ori. RMSE Max. Ori.

Model (mm) Error (mm) (deg) Error (deg)
Geometry-adaptive 1.86 4.14 0.34 1.02
Fixed-geometry assumption 3.07 8.02 0.78 2.04

7. Discussion

The geometry-adaptive kinematic model accounts for geometric inconsistencies in
parallel lumbar exoskeletons. Simulations confirmed that anchor-point reconstruction
based on transverse gaps (11 and /) reduces model-induced task-space deviations observed
under fixed-geometry assumptions. This mathematical approach was validated on a rigid
testbench, where the elimination of human compliance and structural flexibility confirmed
the reduction of kinematic mapping errors. The kinematic model assumes locally rigid
anchor points; soft-tissue deformation and interface sliding modify the effective anchor
positions and transmitted forces and are not captured by the gap parameters, so the
reported accuracy refers to the platform-level model rather than to the absolute motion of
the human skeleton.

In human-worn experiments, the integrated linear actuators tracked the displace-
ment commands with a global RMSE between 0.08 mm and 0.09 mm. However, the
task-space tracking exhibited global position RMSEs ranging from 4.73 mm to 7.64 mm.
As decomposed from the trajectory plots, this spatial error is primarily concentrated
along the Y-axis, which is mainly attributed to the structural stiffness of the sheet-like
3D-printed prototype components and interface deformation. The progressive increase in
position RMSE from simulation (0.32 mm) to the rigid testbench (1.86 mm) and human-
worn testing (4.73-7.64 mm) reflects additional error sources progressively exposed across
the experimental stages. The discrepancy between simulation and the rigid testbench is
primarily attributed to physical manufacturing tolerances, joint clearances, and sensor
measurement noise. When transitioning to human-worn operation, the error increase is
predominantly driven by non-rigid human-device interaction effects rather than kinematic
formulation failure. These effects primarily encompass biological soft-tissue compliance,
strapping interface micro-sliding, human trunk impedance arising from incomplete motion
compliance, and elastic deflection of the 3D-printed Y-axis supports. From a functional
rehabilitation perspective, angular trajectory guidance is the primary clinical objective; the
achieved orientation RMSE of approximately 1° represents a relative error of less than 8%
against the target 18°-34° total range of motion, indicating that the major features of the
commanded rotational trajectories were preserved during the present proof-of-concept
experiments. A clinically acceptable tracking-error threshold for lumbar rehabilitation has
not yet been established in this study and requires further clinical validation. Nevertheless,
the sub-centimeter global position RMSE suggests promising spatial motion guidance
under human-worn conditions in this preliminary evaluation. Beyond kinematic tracking
accuracy, relevant criteria for evaluating lumbar rehabilitation include trunk muscle activa-
tion via surface electromyography (sEMG), interaction force distribution, and active range
of motion; among these, electromyography analysis is planned as immediate future work
upon integrating SEMG acquisition hardware.

Future work will focus on several aspects. First, because the current experiments
evaluated kinematic trajectory tracking without archiving multichannel motor-current
histories or implementing active force control, a coupled human-exoskeleton dynamic
model alongside compliant force/impedance control will be formulated to regulate active
interaction. Second, the 3D-printed structural components will be replaced with higher-
stiffness materials to eliminate transverse bending, alongside ergonomic optimization of
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the binding interface. Finally, because individual actuator forces do not directly reflect
human-perceived interaction forces due to strapping padding compliance, soft-tissue dissi-
pation, and closed-chain parallel load distribution, extensive experiments incorporating
synchronized motor-current logging, surface electromyography (sEMG) analysis, and in-
terface pressure mapping will be carried out to directly evaluate physiological muscular
unloading effects before clinical validation.

8. Conclusions

This paper presented a linear-actuator-driven parallel lumbar rehabilitation exoskele-
ton featuring a split semi-ring architecture to provide transverse width adjustability. To
resolve the resulting geometric inconsistency between the physical worn state and the
inverse kinematic model, a geometry-adaptive trajectory generation framework was devel-
oped utilizing measurable transverse gaps.

The proposed method was validated through simulation and proof-of-concept experi-
ments. Multibody simulations demonstrated that compared with a fixed-geometry assump-
tion, the geometry-adaptive approach reduced the theoretical position RMSE from 1.30 mm
to 0.32 mm and the orientation RMSE from 0.62° to 0.05°. During human-worn experi-
ments executing representative lumbar rehabilitation motions, the system achieved global
actuator displacement RMSEs of 0.08-0.09 mm, task-space position RMSEs of 4.73-7.64 mm,
and orientation RMSEs of 0.71°-1.09° across the three participants. Subsequently, rigid
testbench comparative studies evaluated the mechanism under isolated rigid mounting
conditions, confirming that the geometry-adaptive model effectively minimizes hardware-
level positional deviations, reducing the testbench position RMSE from 3.07 mm to 1.86 mm
and the orientation RMSE from 0.78° to 0.34° compared to the fixed-geometry model.

Overall, the proposed split semi-ring architecture and geometry-adaptive kinematic
model provide preliminary proof-of-concept evidence for reducing configuration-induced
kinematic inconsistencies in a variable-width parallel lumbar exoskeleton over the tested
fitted-gap range. Further investigations involving improved structural stiffness, com-
prehensive dynamic interaction modeling, surface electromyography (SEMG) evaluation,
and validation on larger patient cohorts will be conducted before clinical effectiveness
is evaluated.
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Abbreviations
The following abbreviations are used in this manuscript:

BLDC Brushless direct current

DOF Degree of freedom

sEMG Surface electromyography

FDCAN Flexible data-rate controller area network

FOC Field-oriented control
PD Proportional-derivative
RMSE Root-mean-square error
ROS Robot Operating System
UPS Universal-prismatic-spherical
USDE Unknown system dynamics estimator
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