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INTRODUCTION

Spinal cord injury (SCI) can cause partial or complete

ABSTRACT

Spinal cord injuries (SCI) often lead to serious neurological challenges—like losing mobility,
impaired sensation, and reduced motor control which deeply impact a person’s quality of life. In
recent years, lower extremity exoskeletons (LEEs) have emerged as promising assistive technolo-
gies. These wearable devices not only help individuals walk but also relieve mechanical stress on
the spine. While many studies have praised the general benefits of exoskeletons, few have taken
a close look at how they influence spinal loading, especially across different phases of gait and
in different user groups. This study examines people with spinal cord injury and healthy indi-
viduals walking with exoskeleton support. Spinal joint forces are calculated using the AnyBody
Modeling System. Motion capture data are used in the musculoskeletal model. Spinal loads are
assessed during the single and double support phases of walking. Exoskeleton use reduced over-
all spinal joint loading by 25-30%. Forces decreased by up to 40% in the cervical spine and about
30% in the lumbar region. In participants with spinal cord injury, the fiberglass exoskeleton
reduced lumbar axial forces by up to 97%. Pelvic flexion-extension moments decreased by 91%.
These results indicate lower mechanical loads during assisted walking. The use of lightweight,
high-strength materials may also support spinal stability and posture, although this effect re-
quires further evidence. Altogether, these results support the use of LEEs in rehabilitation: they
don't just help people move; they actively reduce spinal stress and contribute to safer, more ergo-
nomic mobility. Insights from this study could also help inform better design strategies for future
exoskeletons, both in clinical therapy and in industrial applications.

Cite this article as: Calikusu I, Fidan U. Simulation-based analysis of spinal joint loading in
SCI patients using lower extremity exoskeletons: Anybody modeling study. Sigma J Eng Nat
Sci 2026;44(5):3143-3156.

It can also affect walking and postural control. Pain and
secondary musculoskeletal complications may further limit
daily activities [1, 2]. These changes provide a reason to

loss of motor and sensory function below the injury level. examine spinal loading during assisted movement.
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Lower-limb exoskeletons (LEEs) provide external sup-
port to the legs and pelvis. They assist walking movements
in people with impaired motor function. This support can
alter ground reaction forces and the loads transmitted
through the body. Exoskeletons are used in rehabilitation
and have also been investigated for physically demanding
workplace tasks [3-5]. Their effects depend on the device
design, the activity, and the user.

Motion capture and musculoskeletal modeling allow
these effects to be examined at individual joints. The
AnyBody Modeling System uses movement data to esti-
mate muscle forces and joint loads. Previous studies have
reported lower spinal reaction forces, particularly in the
lumbar region, under some assisted conditions [6-10].
However, comparisons between healthy individuals and
people with SCI across single and double support remain
limited. Published studies also differ in their use of experi-
mental measurements, computational models, and combi-
nations of the two [11-15].

This study examines spinal joint forces and moments
during walking in healthy individuals and people with
complete SCI. Joint kinematics were recorded using Kinect-
based motion tracking and used as inputs to the AnyBody
models. The analysis covered the cervical, thoracic, lumbar,
and sacrum-pelvis regions.

Four conditions were modeled: healthy walking with-
out an exoskeleton, healthy walking with an exoskeleton,
SCI walking with an exoskeleton, and a theoretical SCI
condition without assistance. The unassisted SCI condition
served as a computational reference. It did not represent
an observed walking trial. Single and double support were
analyzed separately to examine how loading changed across
gait phases.

The exoskeleton had a fiberglass frame. Previous work
has considered lightweight materials and individual model
parameters in exoskeleton development [16-19]. This study
examined one device configuration and did not compare
alternative materials. It therefore assessed loading with the
modeled fiberglass exoskeleton, rather than the indepen-
dent effect of fiberglass on spinal mechanics.

The study aimed to describe regional changes in spinal
loading under the selected conditions. Its main elements
were:

o Comparison of spinal joint forces and moments across
assisted and reference walking conditions.
o Use of Kinect-derived joint kinematics as inputs to the

AnyBody simulations.

o Separate analysis of single and double support.
o Examination of loading patterns across cervical, tho-
racic, lumbar, and sacrum-pelvis regions

MATERIALS AND METHODS

This study estimates spinal joint forces and moments
during simulated walking. It includes healthy individu-
als and people with complete lower-limb paralysis due to

spinal cord injury (SCI). Spinal loading is compared with
and without exoskeleton assistance during single and dou-
ble support.

Figure 1 summarizes the workflow. Motion data
were collected using a Microsoft Kinect Xbox 360 sen-
sor. Reflective markers were placed at selected anatomi-
cal landmarks. Joint trajectories were processed to obtain
joint angles and identify gait phases. A three-dimensional
lower-limb exoskeleton model was also developed in
SolidWorks. The model included the device’s mechanical
structure and movement constraints. The motion data and
exoskeleton model were incorporated into the AnyBody
Modeling System. Four conditions were simulated: healthy
walking without an exoskeleton, healthy walking with an
exoskeleton, SCI walking with an exoskeleton, and a the-
oretical SCI condition without assistance. The last condi-
tion served as a computational reference rather than an
observed walking trial.

Model settings were adjusted for each condition. In
the SCI simulations, lower-limb muscles were deactivated,
and upper-body compensatory mechanics were included.
The exoskeleton was added to or removed from the human
model according to the simulated condition. Joint reaction
forces and moments were calculated from the cervical spine
to the sacral region. These outputs were examined through-
out the gait cycle, including transitions between single and
double support. Force and moment magnitudes were com-
pared across the four conditions. Surface plots were used
to display loading patterns. These comparisons were used
to assess the modeled effects of exoskeleton assistance on
spinal loading [20].

The exoskeleton model (Fig. 2) was designed using
SolidWorks 2016, based on a standardized human body
(height: 180 cm, weight: 75 kg) to ensure physiological accu-
racy in the simulations. The model includes components
representing the thigh, calf, foot, and hip joint of each leg.
Each segment has six degrees of freedom (DOF). Joint angles
were recorded using the Kinect Xbox 360 in participants
with spinal cord injury (SCI) and healthy individuals. These
data were used as inputs to the musculoskeletal simulation
to model joint motion during exoskeleton-assisted walking.

The exoskeleton was made from A-grade fiberglass.
The reported material properties were a density of approx-
imately 1.8 g/cm® and a Young’s modulus of about 72 GPa.
Fiberglass was selected for its strength relative to its weight,
corrosion resistance, and thermal stability.

Four participants from the Adana region of Tiirkiye
took partin the study. The male participants were a 25-year-
old patient with spinal cord injury (SCI) and a 23-year-old
healthy participant. Both were 180 cm tall and weighed
75 kg. The female participants were a 26-year-old patient
with SCI and a 21-year-old healthy participant. Both were
165 cm tall and weighed 62 kg. Height and body mass were
therefore matched within each male and female pair.

Participants with SCI completed two gait cycles using
a Robogait rehabilitation system at a fixed speed. Healthy
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participants walked on a treadmill under the stated match-
ing conditions. Joint movements were recorded using
Kinect-based motion tracking. No missing kinematic data
were reported. The recordings were then used in partici-
pant-specific AnyBody models to estimate spinal joint
forces and moments. With only four participants, the
study provides case-level comparisons and cannot establish
effects across broader SCI or healthy populations [21].

The analysis examined two gait phases:

1. Double support: Both feet are in contact with the
ground.
2. Single support: One foot is in contact with the ground.

Spinal joint loads were compared with participants with
SCI and healthy participants during each gait phase. Single
and double support were examined separately, with a focus
on lumbar forces and moments [22].

The exoskeleton model was incorporated into the
AnyBody Modelling System at the hip, thigh, calf, and foot
attachment sites. The simulations estimated how these
modelled attachments affected forces and moments in the
musculoskeletal system.

The resulting estimates were used to compare spinal
loading across the simulated walking conditions. They may
inform further studies of exoskeleton design and rehabili-
tation use. Clinical benefits and improvements in mobility
require separate evaluation.

Microsoft Xbox360 Kinect Sensor
The Microsoft Kinect for Xbox 360 tracks body move-
ment using depth sensing and skeletal tracking. It estimates
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Figure 3. Double support and single support in human gait.

joint positions in real time, which can then be used to cal-
culate joint angles [23].

In this study, Kinect recorded participants’ movements
during walking. Joint angles calculated from these record-
ings were entered into the musculoskeletal model. The
model used these inputs to estimate spinal joint forces and
moments during exoskeleton-assisted walking.

AnyBody Modelling System

The AnyBody Modelling System is a musculoskeletal
simulation platform developed from research at Aalborg
University [24]. It is used to estimate muscle forces and
joint loads during human movement. The model used in
this study comprised 25 anatomical segments, 16 joints, and
804 muscles [25, 26]. These counts describe the selected
model configuration.

The platform allows model parameters to be adjusted to
participant characteristics. It also accepts motion data from
external tools as simulation inputs. In this study, the single
and double support phases of gait were analyzed separate-
lySpinal joint forces and moments were estimated for each
gait phase. The estimates were then compared across walk-
ing conditions to examine changes in spinal loading with
exoskeleton assistance.

Phases of Double Support and Single Support in the Gait
Cycle

The model estimates joint and muscle loads using each
participant’s anatomical characteristics. In this study, the
double and single support phases of gait were analyzed
separately using the AnyBody Modeling System. Figure 3
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illustrates these phases and their transitions according to
foot contact with the ground. Spinal joint loads were exam-
ined during each phase to assess the modeled effects of exo-
skeleton-assisted walking [27].

This study employed an AnyBody model to simulate
gait cycles, including 4 double support phases and 3 single
support phases (time duration is given in Table 1).

RESULTS AND DISCUSSION

In this study, the average spinal joint reaction forces and
moments during seven distinct gait phases were obtained
for three cases: a healthy person’s gait without an exoskele-
ton, a healthy person’s gait with an exoskeleton, and an SCI
patient’s gait with a LEE exoskeleton made from Type A
fiberglass.

Spinal Joint Reaction Forces During Unskeletonized
Gait in Healthy Individuals

Human gait is a complex biomechanical process that
generates varying levels of force along the spinal column. As
shown in Table 2, spinal joint loading fluctuates considerably
throughout different phases of the gait cycle. Among all spi-
nal regions, the cervical joints—responsible for supporting
head and neck movements—experience the highest forces.
This is primarily due to the abrupt transfer of body weight
during heel strike (Phase 1) and the dynamic shifting of
weight during phases 3, 5, and 7. The T1-C7 joint, located
at the junction of the cervical and thoracic spine, showed rel-
atively low reaction forces during the analyzed gait phases.
Its loading pattern differed from those of the lumbar and
sacrum-pelvis regions. Structural support from the thoracic
region may help explain this difference, although the simula-
tions did not directly test this explanation.

Table 2 presents spinal joint reaction forces in a healthy
participant across seven phases of two gait cycles. It includes
forces in the cervical, thoracic, lumbar, and sacrum-pelvis
regions.

Reaction forces were higher in the lumbar region than in
the cervical and upper thoracic regions. The sacrum-pelvis
joint showed the highest forces across all analyzed phases.
This pattern is consistent with the transfer of upper-body

loads through the lower spine to the pelvis. However, the
estimated forces also depend on the model configuration
and the recorded movement patterns.

The results indicate that loading was distributed
unevenly along the spine during walking. Examining each
region separately allows changes in cervical, thoracic,
lumbar, and sacrum-pelvis loading to be compared. This
approach can help identify where exoskeleton assistance
changes joint forces within the modeled walking conditions.

of region-specific analysis when evaluating the biome-
chanical effects of assistive devices such as exoskeletons.

Spinal Joint Reaction Forces During Gait in a Healthy
Person with a Fiberglass Exoskeleton

The change in reaction forces occurring in the spine of a
healthy person while Gait with LEE made of A Glass Fiber
material is shown in Table 3.

Table 3 compares spinal joint reaction forces during
walking with and without exoskeleton assistance. The larg-
est forces occurred in the proximodistal direction across all
spinal regions. Double support phases were more frequent
than single support phases during assisted walking. This
observation alone does not establish greater gait stability.

Joint reaction forces were lower with exoskeleton assis-
tance at all analysed joints. In the cervical region, assistance
reduced the increase in loading from C1 to C6. Forces
decreased by 14-53% in the anteroposterior direction,
30-68% in the mediolateral direction, and 30-45% in the
proximodistal direction.

In the lumbar region, reductions ranged from 32-90%
anteroposteriorly, 40-58% mediolaterally, and 31-33%
proximodistally. Forces also decreased at the lower lum-
bar and sacrum-pelvis joints, including L5-sacrum, across
all reported directions. At T12-L1 and C7-T1, reductions
ranged from approximately 19-54%, depending on the
force component.

These results indicate lower estimated spinal forces
during exoskeleton-assisted walking under the modelled
conditions. The size of the reduction varied by joint and
direction. The simulations did not assess musculoskeletal
strain or chronic back and neck pain. Longer-term clinical
studies would be needed to evaluate those outcomes.

Table 1. Single support and double support phases and their duration intervals

Phase No Time Interval (mS) Left Right Phase Type
Phase 1 1.62-1.72 Stance Stance Double Support
Phase 2 1.73-2.17 Swing Stance Single Support
Phase 3 2.18-2.30 Stance Stance Double Support
Phase 4 2.31-2.76 Stance Swing Single Support
Phase 5 2.77-291 Stance Stance Double Support
Phase 6 2.92-3.35 Swing Stance Single Support
Phase 7 3.36-3.47 Stance Stance Double Support
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Table 2. Spinal Joint Reaction Forces During Healthy Human Gait

Walking with a Fiberglass-Based Exoskeleton

Joint Reaction Forces

Faz 1 Faz 2 Faz 3 Faz 4 Faz 5 Faz 6 Faz 7
Cl1 Anterior Posterior Force -15.29 -12.51 -12.51 -12.51 -13.51 -26.51 -22.60
Co MedioLateral Force -32.05 -7.87 -1.01 -1.79 -14.19 -10.27 -1.67
Proksimo Distal Force 121.40 102.49 136.29 100.42 120.03 91.57 150.79
C2 Antero Posterial Force -13.57 -11.36 -13.72 -18.68 -23.06 -26.61 -39.74
Cl Medio Lateral Force -35.92 -6.66 -7.17 -9.32 -20.83 -10.68 -12.64
Proksimo Distal Force -13.57 -11.36 -13.72 -18.68 -23.06 -26.61 -39.74
C3 AnteroPosteriorForce -16.90 -14.62 -17.87 -20.43 -24.46 -27.51 -39.62
€2 MedioLateralForce -36.35 -3.95 -7.38 -11.93 -22.70 -9.58 -15.82
ProksimoDistalForce 155.44 128.16 167.88 128.44 153.23 122.81 203.64
C4 Antero Posterial Force -19.88 -16.87 -21.58 -20.53 -23.74 -26.91 -37.04
G3 Medio Lateral Force -34.34 -0.52 -6.66 -14.88 -23.68 -8.20 -20.09
Proksimo Distal Force 173.27 142.73 187.18 147.36 174.97 139.82 234.96
C5 Antero Posterial Force -16.90 -14.62 -17.87 -20.43 -24.46 -27.51 -39.62
C4 Medio Lateral Force -30.86 2.63 -9.50 -18.24 -24.50 -6.33 -24.62
Proksimo Distal Force 194.02 159.22 210.01 165.26 196.28 158.08 265.64
C6 Antero Posterial Force -26.38 -24.89 -31.40 -24.97 -25.47 -26.99 -35.87
G5 Medio Lateral Force -27.26 3.62 -10.63 -18.44 -22.27 -3.99 -24.85
Proksimo Distal Force 207.00 169.68 224.63 176.12 209.20 168.37 284.08
C7 Antero Posterial Force -32.12 -31.34 -39.02 -28.83 -28.64 -29.10 -37.98
Cé Medio Lateral Force -24.32 3.56 -9.58 -16.23 -19.75 -4.05 -21.01
Proksimo Distal Force 209.31 170.83 226.26 177.81 211.87 170.19 286.84
L1 Antero Posterial Force -288.51 -262.41 -315.02 -243.05 -274.28 -261.14 -385.94
L2 Medio Lateral Force -62.85 -19.93 54.23 27.46 -28.06 -29.53 75.74
Proksimo Distal Force 1272.36 1075.23 1326.42  999.06 1153.79  1047.64  1596.82
L2 Antero Posterial Force -153.15 -138.96 -179.03 -136.16 -139.45 -142.15 -212.23
L3 Medio Lateral Force -31.86 -8.80 29.59 9.12 -16.94 -16.37 38.00
Proksimo Distal Force 1253.30  1050.37 1313.69  990.61 1122.07  1025.39  1574.36
L3 Antero Posterial Force 14.58 0.49 3.94 6.70 10.08 5.96 8.29
L4 Medio Lateral Force 18.38 14.95 -11.21 -19.65 -2.81 11.06 -14.32
Proksimo Distal Force 1194.25  1013.43 1251.16  960.76 1089.24  986.22 1490.76
L4 Antero Posterial Force 169.98 143.81 176.46 138.90 158.51 148.80 215.64
L5 Medio Lateral Force 40.81 18.92 -29.86 -24.30 10.39 19.51 -41.35
Proksimo Distal Force 1193.41 1018.56 1240.85 961.79 1098.14 983.68 1490.95
L5 Antero Posterial Force 180.10 168.87 188.68 158.79 184.70 174.19 245.65
Sacrum Medio Lateral Force 50.26 23.85 -37.05 -31.26 11.79 26.21 -50.28
Proksimo Distal Force 1285.29  1086.96 1343.38 1028.46  1183.98 1046.65 1596.21
Sacrum Antero Posterial Force 202.58 182.84 206.98 172.19 200.03 189.81 270.31
Pelvis Medio Lateral Force 55.40 24.79 -41.42 -33.06 13.94 27.25 -56.63
Proksimo Distal Force 1412.90  1145.52 1429.33 1085.91 1085.91 1112.83  1704.65
T12 Antero Posterial Force 187.95 -343.09 -412.30 -319.70 -370.86 -346.20 -503.35
L1 Medio Lateral Force -83.03 -41.25 75.92 61.56 -21.13 -45.08 119.00
Proksimo Distal Force 1268.67  1046.20 1298.01  982.38 1133.49 101529  1537.76
T1 Antero Posterial Force -37.55 -37.72 -46.17 -31.60 -31.14 -31.04 -38.56
c7 Medio Lateral Force -18.66  2.81 -7.53 -9.18 1239 -4.27 -14.21

Proksimo Distal Force 216.25 172.81 231.31 190.22 223.42 172.92 299.68
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Table 3. Changes in spinal reaction forces during gait in a healthy person with a fiberglass exoskeleton

Spine Joint Reaction Forces Walking without Exoskeleton
Phase 1 (N) Phase2 (N) Phase3 (N) Phase4 (N) Phase5 (N) Phase 6 (N) Phase7 (N)
Cl1 Anetrior Posterior Force -14.60 -5.65 -13.16 -13.16 -13.16 -17.33 -18.67
Co Medio Lateral Force -14.86 -5.45 2.50 0.15 -9.36 -3.43 -0.26
Proksimo Distal Force ~ 86.83 68.19 91.04 66.94 89.81 65.93 89.62
C2 Antero Posterial Force  -13.99 -5.01 -13.62 -10.69 -18.91 -17.71 -25.92
Cl Medio Lateral Force -16.70 -5.70 -0.78 -1.70 -11.56 -4.38 -4.79
Proksimo Distal Force  -13.99 -5.01 -13.62 -10.69 -18.91 -17.71 -25.92
C3 Antero Posterial Force  -16.65 -7.44 -16.86 -12.28 -21.14 -18.38 -26.49
€2 Medio Lateral Force -15.42 -5.15 -2.92 -2.23 -2.23 -4.01 -6.98
Proksimo Distal Force  112.93 86.14 117.86 86.36 117.13 88.44 121.96
C4 Antero Posterial Force  -19.41 -10.10 -20.13 -13.65 -21.61 -18.39 -26.55
C3 Medio Lateral Force -13.72 -4.70 -5.50 -2.84 -10.84 -3.49 -9.11
Proksimo Distal Force ~ 100.50 77.54 104.89 76.98 104.04 77.37 106.04
C5 Antero Posterial Force  -16.65 -7.44 -16.86 -12.28 -21.14 -18.38 -26.49
C4 Medio Lateral Force -11.71 -4.52 -8.50 -3.45 -10.24 -2.89 -11.37
Proksimo Distal Force ~ 138.06 104.27 144.28 105.50 144.06 111.67 152.98
C6 Antero Posterial Force  -26.03 -16.57 -29.13 -17.65 -24.79 -19.64 -28.04
G5 Medio Lateral Force -8.79 -4.25 -10.65 -3.10 -8.51 -1.89 -12.48
Proksimo Distal Force  147.66 111.34 154.06 112.70 154.20 119.42 164.11
C7 Antero Posterial Force  -30.55 -20.79 -34.79 -20.23 -27.43 -21.23 -29.61
Co Medio Lateral Force -6.48 -4.19 -9.99 -1.79 -6.88 -1.76 -10.37
Proksimo Distal Force  149.66 112.78 155.76 114.39 156.72 121.29 166.74
L1 Antero Posterial Force ~ -212.53 -152.79 -230.75 -150.63 -220.50 -177.65 -215.75
L2 Medio Lateral Force -30.74 -5.34 28.91 2.57 -29.23 -6.91 19.25
Proksimo Distal Force ~ 890.09 644.90 939.92 628.13 949.84 727.15 928.80
L2 Antero Posterial Force  -118.01 -77.63 -133.07 -78.05 -111.98 -93.30 -106.39
L3 Medio Lateral Force -16.90 -0.55 17.05 -4.01 -20.54 -1.84 5.88
Proksimo Distal Force ~ 863.75 630.18 916.49 615.84 920.89 707.97 905.19
L3 Antero Posterial Force  1.31 9.30 1.41 9.16 19.76 17.04 20.08
L4 Medio Lateral Force  7.63 6.84 -5.02 -12.70 -1.57 5.47 -16.61
Proksimo Distal Force ~ 852.68 621.54 909.71 608.53 902.37 698.90 881.32
L4 Antero Posterial Force  -14.60 -5.65 -13.16 -10.24 -18.67 -17.33 -25.23
L5 Medio Lateral Force 16.66 7.30 -13.75 -10.09 8.04 6.04 -17.19
Proksimo Distal Force ~ 847.77 62291 906.73 613.05 896.85 694.92 877.05
L5 Antero Posterial Force  148.05 107.96 159.79 108.96 165.26 133.24 159.23
Sacrum Medio Lateral Force 22.62 9.40 -18.24 -15.70 11.26 11.56 -21.26
Proksimo Distal Force  923.28 680.42 985.69 663.29 960.37 742.88 942.66
Sacrum Antero Posterial Force  179.37 119.76 193.30 119.93 192.88 147.74 186.70
Pelvis Medio Lateral Force -103.42 -12.49 106.89 4.64 -90.15 -12.09 66.59
Proksimo Distal Force  1110.86 720.56 1167.65 696.28 1105.59 793.63 1076.36
T12 Antero Posterial Force ~ -287.15 -208.16 -308.41 -202.86 -304.17 -243.84 -294.56
L1 Medio Lateral Force -37.97 -12.90 38.62 18.69 -22.23 -13.38 36.57
Proksimo Distal Force ~ 872.50 636.39 918.58 616.39 936.13 719.97 904.24
T1 Antero Posterial Force — -34.76 -24.91 -40.19 -22.52 -29.71 -22.51 -30.85
7 Medio Lateral Force -2.04 -4.32 -9.42 0.97 -2.94 -1.86 -7.80

Proksimo Distal Force ~ 155.47 115.60 159.54 119.04 163.40 125.66 171.11
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Changes in Spinal Joint Reaction Forces During Gaitina to walk, while others require assistance. Lower-limb exo-

Full SCI Patient with a Fiberglass Exoskeleton skeletons support the legs and pelvis during walking.
Spinal cord injury (SCI) can affect movement and sen- This study used simulations to examine spinal loading

sation below the injury level. Some people retain the ability =~ with a fiberglass exoskeleton. Table 4 shows the estimated

Table 4. Spinal joint reaction forces of a completed SCI patient gait with a fiberglass LEE

Joint Reaction Forces Completed SCI Patient Walking with a Glass Fiber Exoskeleton
Phase 1 (N) Phase2 (N) Phase3 (N) Phase4 (N) Phase5 (N) Phase 6 (N) Phase7 (N)
C1 Anterior Posterior Force -5.47 -7.99 -3.55 -9.12 -12.58 -19.81 -19.67
Co Medio Lateral Force -34.01 -11.81 -11.81 9.30 -6.40 -12.43 13.02
Proksimo Distal Force 80.75 63.65 77.66 58.54 76.70 59.79 74.82
C2 Antero Posterial Force -2.51 -6.59 -3.69 -9.41 -12.39 -19.13 -19.98
C1 Medio Lateral Force -13.57 -11.36 -13.72 -18.68 -23.06 -26.61 -39.74
Proksimo Distal Force -2.51 -6.59 -3.69 -9.41 -12.39 -19.13 -19.98
C3 Antero Posterial Force -3.71 -8.47 -5.79 -10.37 -13.18 -19.53 -19.80
C2 Medio Lateral Force -36.39 -13.48 9.39 8.00 -9.26 -13.51 10.99
Proksimo Distal Force 103.04 80.41 98.05 75.33 98.69 79.93 99.34
C4 Antero Posterial Force -5.08 -10.61 -8.05 -11.37 -13.64 -19.80 -19.39
C3 Medio Lateral Force -36.66 -14.11 -14.11 8.40 -9.13 -13.77 11.50
Proksimo Distal Force 91.67 72.23 87.90 67.08 87.71 70.02 87.01
C5 Antero Posterial Force -3.71 -8.47 -5.79 -10.37 -13.18 -19.53 -19.80
C4 Medio Lateral Force -36.73 -14.93 9.24 9.06 -8.67 -14.28 12.37
Proksimo Distal Force 125.99 96.19 119.08 91.27 121.21 98.54 122.81
Co6 Antero Posterial Force -10.56 -17.02 -15.01 -14.78 -15.98 -21.72 -20.29
C5 Medio Lateral Force -37.84 -16.25 10.22 10.94 -7.68 -15.39 15.45
Proksimo Distal Force 134.67 101.92 127.10 96.94 129.30 104.86 130.22
C7 Antero Posterial Force -14.21 -20.92 -19.64 -17.15 -18.17 -23.25 -21.76
C6 Medio Lateral Force -36.36 -16.48 11.09 12.39 -6.18 -15.69 17.57
Proksimo Distal Force 137.61 103.39 129.06 98.55 131.80 106.74 132.29
L1 Antero Posterial Force -13.87 2.07 0.64 2.25 -3.95 3.31 -21.53
L2 Medio Lateral Force 1.30 -3.88 -1.47 3.88 4.58 -4.27 -1.06
Proksimo Distal Force 35.03 -20.06 -7.67 -18.23 -2.29 -28.08 85.75
L2 Antero Posterial Force -8.57 0.24 0.44 0.33 -2.53 -0.11 -13.05
L3 Medio Lateral Force -0.39 -3.37 -0.15 3.73 3.22 -3.66 -0.86
Proksimo Distal Force 62.85 5.15 21.72 6.39 6.39 -1.51 -1.51
L3 Antero Posterial Force 1.23 3.60 4.64 3.58 5.15 2.57 1.37
L4 Medio Lateral Force 0.47 -2.66 0.03 3.18 2.24 -2.83 -0.15
Proksimo Distal Force 89.20 27.27 47.91 28.52 57.10 22.05 22.05
L4 Antero Posterial Force -5.47 -7.99 -3.55 -9.12 -12.58 -19.81 -19.67
L5 Medio Lateral Force 0.89 -0.73 -0.43 0.91 0.92 -0.81 -1.63
Proksimo Distal Force 113.33 46.30 71.67 47.26 81.95 41.88 159.57
L5 Antero Posterial Force 31.64 18.18 25.14 18.76 28.35 17.31 38.21
Sacrum  Medio Lateral Force 0.87 1.21 -0.55 -1.39 -0.60 1.09 -2.53
Proksimo Distal Force 141.24 62.76 96.06 63.55 105.45 58.04 188.26
Sacrum Antero Posterial Force 32.53 18.60 25.75 19.19 29.08 17.78 39.66
Pelvis ~ Medio Lateral Force 1.00 1.28 -0.65 -1.52 -0.62 1.13 -2.97
Proksimo Distal Force 141.04 62.63 95.90 63.42 105.25 57.90 187.95
T12 Antero Posterial Force -13.71 6.43 3.60 5.26 0.34 10.63 -25.02
L1 Medio Lateral Force 5.52 -2.95 -4.59 1.37 6.25 -3.63 -2.60
Proksimo Distal Force -0.99 -48.17 -42.42 -42.42 -41.32 -55.83 47.97
T1 Antero Posterial Force -17.98 -24.62 -24.39 -19.30 -20.31 -24.38 -22.96
C7 Medio Lateral Force -34.62 -17.04 11.86 15.27 -4.52 -16.49 20.14

Proksimo Distal Force 140.35 106.95 130.64 102.85 134.82 111.54 135.85
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joint forces, which were lower with assistance in all spinal
regions examined.

Lower-limb muscles were deactivated in the SCI mod-
els. The reductions therefore describe changes under this
assumption. External support altered how loads were trans-
ferred through the model, but the simulations did not assess
long-term spinal health or tissue damage.

Building upon the earlier analyses, this section compares
spinal joint reaction forces during exoskeleton-assisted walk-
ing to those observed in healthy individuals walking without
an exoskeleton (Table 2). The comparative evaluation reveals
that the exoskeleton significantly reduces joint reaction
forces across all analyzed spinal segments, with the most pro-
nounced decrease observed in the lumbar and pelvic regions.

In the cervical spine, the exoskeleton effectively mit-
igated the natural progressive increase in loading from
vertebrae Cl to C6. Specifically, joint reaction forces
were reduced by 34-53% in the anteroposterior direction,
79-95% in the mediolateral direction, and 39-52% in the
proximodistal (vertical) direction. The reductions indicate
lower loading in the upper spinal segments during the sim-
ulated walking conditions. Larger reductions were observed
in the lumbar region. Lumbar forces decreased by 46-97%

in the anteroposterior direction, 40-58% in the mediolat-
eral direction, and 93-97% in the proximodistal direction.

At the L5-sacrum and sacrum-pelvis joints, reaction
forces decreased by approximately 87-96% across all three
directions. Reductions at T12-L1 approached 97% in each
direction. At C7-T1, forces decreased by 38% in the antero-
posterior direction and by more than 88% in the mediolat-
eral and proximodistal directions.

These findings indicate that exoskeleton assistance
reduced estimated spinal joint forces within the modelled
conditions. The largest reductions occurred in the lower
back and pelvic regions. This pattern may be relevant to
spinal load management during assisted walking in peo-
ple with SCI. However, reduced joint forces alone do not
demonstrate pain relief or improved rehabilitation out-
comes. Potential benefits for chronic neck or lower back
pain require clinical evaluation.

Joint Reaction Moments Occurring in Single and Double
Support Phases as a Result of Gait of a Healthy Person
Table 5 presents spinal joint reaction moments across
seven gait phases (Phases 1-7) in a healthy participant.
Moments at the cervical joints (C1-C7) remained positive
throughout these phases. The positive values indicate a

Table 5. Spinal joint reaction moments obtained from a healthy human walking

Spine Joint Reaction Moment

Spinal Joint Reaction Moments of a Normal Person During Walking

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7
(Nm) (Nm) (Nm) (Nm) (Nm) (Nm) (Nm)
Cl Extension Moment -0.95 -0.62 -0.94 -0.69 -1.05 -0.78 -1.01
Co
Cc2 Axial Moment -0.27 -0.12 -0.28 -0.18 -0.23 -0.07 -0.22
Cl1
C3 Axial Moment -0.19 -0.07 -0.35 -0.21 -0.20 -0.02 -0.30
C2 Extension Moment -1.61 -1.32 -1.65 -1.18 -1.52 -0.98 -1.20
Lateral Moment -0.10 0.32 0.75 0.21 -0.08 0.14 0.46
C4 Axial Moment -0.16 -0.04 -0.42 -0.24 -0.18 0.01 -0.40
C3 Extension Moment -1.67 -1.41 -1.72 -1.24 -1.55 -0.98 -1.19
Lateral Moment -0.31 0.27 0.67 0.15 -0.27 0.10 0.29
C5 Axial Moment -0.12 -0.04 -0.50 -0.26 -0.17 0.04 -0.50
C4 Extension Moment -1.61 -1.44 -1.65 -1.19 -1.45 -0.89 -1.04
Lateral Moment -0.56 0.21 0.52 0.05 -0.50 0.04 0.04
Cé6 Axial Moment -0.06 -0.01 -0.61 -0.29 -0.13 0.08 -0.62
C5 Extension Moment -1.22 -1.19 -1.23 -0.90 -1.04 -0.55 -0.58
Lateral Moment -0.73 0.16 0.37 -0.01 -0.66 0.02 -0.19
C7 Axial Moment -0.02 0.02 -0.53 -0.27 -0.09 0.09 0.09
C6 Extension Moment 0.23 -0.15 0.32 0.17 0.44 0.60 1.02
Lateral Moment -0.88 0.09 0.21 -0.06 -0.80 -0.02 -0.39
Sacrum Axial Moment -7.60 -1.37 7.38 1.37 -5.90 -1.50 5.36
Pelvis  Flexion Extension Moment  -1.49 5.02 -0.37 5.20 1.28 1.89 1.89
Lateral Moment 1.54 0.17 -1.16 -0.23 0.93 0.24 -0.91
T1 Axial Moment 0.05 0.04 -0.46 -0.21 0.02 0.09 -0.48
C7 Extension Moment 1.81 1.07 2.10 1.32 2.01 1.86 2.80
Lateral Moment -0.97 0.00 0.04 -0.06 -0.89 -0.07 -0.58
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consistent moment direction under the model’s coordinate
convention. They do not, by themselves, establish muscle
activity or the purpose of the moments.

The cervical moment patterns describe the modeled
mechanical loading during unassisted walking. Their rela-
tionship to head posture and upper-body balance requires
consideration of the joint axes and recorded movements.
These results provide a reference for comparisons with exo-
skeleton-assisted walking and the SCI simulations.

A detailed analysis of Table 5 reveals that joint reaction
moments in the spine vary significantly between the dou-
ble and single support phases of the gait cycle. In general,
higher moment values are observed during double sup-
port phases, reflecting the increased mechanical demands
of weight transfer and stabilization during these periods.
However, region-specific variations in moment patterns
provide further insight into the dynamic behavior of spinal
segments during locomotion.

In the cervical spine (C1-C7), axial moments tend to
decrease during double support and increase during single sup-
port, whereas extension and lateral bending moments exhibit
the opposite trend—rising in double support and decreasing
in single support. This suggests that the cervical spine actively

compensates for balance and head stabilization, particu-
larly during gait phases when one foot is off the ground. Joint
moments generally increased across Phases 1-7. This trend
describes changes in spinal loading over the analyzed gait cycle,
but does not alone establish an increase in stabilization demands.

At the sacrum-pelvis joint, moment patterns differed
between support phases. Axial moments decreased during
double support and increased during single support.
Flexion moments decreased consistently during double
support but followed a nonlinear pattern during single sup-
port. Lateral bending moments showed the opposite trend:
they increased during double support and decreased during
single support. Pelvic motion and movement of the oppo-
site limb may contribute to these patterns, although their
contributions were not directly tested.

At C7-T1, positive moments increased during double
support, while negative moments decreased. During single
support, increases were reported in both positive and nega-
tive moments. Extension moments also increased progres-
sively during both support phases. These changes describe
phase-dependent loading at the cervical-thoracic junction.
Further analysis would be needed to relate them to trunk
control or upper-body balance.

Table 6. Spinal joint reaction moments of a healthy person during gait with LEE

Spine Joint Reaction Moments

Spinal Joint Reaction Moments of a Normal Person During Walking with LEE

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7
(Nm) (Nm) (Nm) (Nm) (Nm) (Nm) (Nm)
Cl Extension Moment -1.31 -1.06 -1.53 -1.23 -1.49 -1.32 -2.27
Co
Cc2 Axial Moment -0.42 -0.02 -0.64 -0.77 -0.70 -0.03 -0.75
Cl
C3 Axial Moment -0.33 0.15 -0.71 -0.86 -0.71 0.09 -0.82
C2 Extension Moment -2.45 -1.93 -2.65 -1.81 -2.12 -1.54 -2.78
Lateral Moment -0.01 0.24 1.39 0.61 0.09 0.10 0.95
C4 Axial Moment -0.28 0.28 -0.70 -0.91 -0.67 0.17 -0.90
C3 Extension Moment -2.69 -2.08 -2.92 -1.99 -2.31 -1.56 -2.99
Lateral Moment -0.50 0.26 1.37 0.31 -0.37 -0.01 0.50
C5 Axial Moment -0.26 0.36 -0.70 -0.95 -0.63 0.25 -0.98
C4 Extension Moment -2.82 -2.16 -3.09 -2.04 -2.36 -1.47 -3.04
Lateral Moment -1.02 0.37 1.17 -0.14 -0.94 -0.11 -0.12
Cé6 Axial Moment -0.14 0.42 -0.75 -1.01 -0.57 0.38 -1.08
C5 Extension Moment -2.43 -1.82 -2.69 -1.66 -1.92 -1.00 -2.48
Lateral Moment -1.50 0.44 1.03 -0.44 -1.32 -0.16 -0.55
C7 Axial Moment 0.02 0.41 -0.64 -0.89 -0.43 0.40 -0.91
Cé6 Extension Moment -0.57 -0.23 -0.62 -0.03 -0.06 0.61 0.07
Lateral Moment -1.94 0.48 0.89 -0.71 -1.67 -0.24 -0.94
Sacrum  Axial Moment -0.53 -0.40 0.39 0.52 -0.04 -0.41 0.58
Pelvis Flexion Extension Moment 6.52 8.19 9.76 7.65 8.93 6.97 10.64
Sacrum Pelvis Lateral Moment 0.95 0.60 -0.72 -0.77 0.15 0.64 -1.00
T1 Axial Moment 0.22 0.37 -0.52 -0.62 -0.14 0.41 -0.68
Cc7 Extension Moment 1.48 1.67 1.75 1.47 1.78 2.46 2.63
Lateral Moment -2.35 0.50 0.75 -0.89 -1.94 -0.34 -1.25
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Joint Reaction Moments Occurring in Single and Double
Support Phases as a Result of a Healthy Person Gait with LEE

Table 6 shows the joint reaction moments in the spine
as a result of a healthy individual gait with LEE in the seven
phases of the gait cycle (Phases 1-7).

Exoskeletons have demonstrated considerable potential
in assisting individuals with mobility impairments by par-
tially restoring or enhancing walking ability. However, their
biomechanical impact on different spinal regions is not
uniformly positive and requires nuanced evaluation. In the
cervical spine, for instance, the effects of exoskeleton use
are complex and somewhat contradictory. The extension
moment decreased by approximately 47%, and overall load
decreased by 31%. However, the lateral bending moment
increased by 85%, particularly at C6-C7. This indicates that
exoskeleton assistance reduced some loading components
while increasing others. The simulations did not establish
whether the increase causes discomfort or tissue strain. Its
relationship to exoskeleton mass and weight distribution
also requires further investigation.

At the sacrum-pelvis joint, axial load decreased by
approximately 83%. The extension moment increased by
22%, while the lateral bending moment decreased by 72%.

These changes show a different loading pattern from that
observed in the cervical region. They do not, on their own,
demonstrate improved stability or protection against injury.

At C7-T1, both axial and lateral moments increased.
The extension moment also increased by up to 30%. These
results suggest that exoskeleton assistance altered loading
at the cervical-thoracic junction. The simulations did not
determine whether these changes resulted from compen-
satory movement, device alignment, or support elsewhere
along the spine.

The effects of exoskeleton assistance therefore varied
by spinal region and loading component. Reductions in
one region occurred alongside increases in another. These
patterns should be considered when evaluating the device
configuration. Further analyses could examine how attach-
ment position, alignment, and mass distribution affect spi-
nal forces and moments.

Joint Reaction Moments Occurring in Single and Double
Support Phases as a Result of a Person with SCI Gait with LEE

Table 7 shows the joint reaction moments in the spine
because of LEE Gait by an individual with completed spinal

Table 7. Spinal joint reaction moments of a person with completed SCI during gait with LEE

Spine Joint Reaction Moments

Spinal Joint Reaction Moments of a Person with Completed SCI During Walking with LEE

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7
(Nm) (Nm) (Nm) (Nm) (Nm) (Nm) (Nm)
Cl Extension Moment -0.64 -0.50 -0.58 -0.46 -0.70 -0.59 -0.58
Co
C2 Axial Moment -0.22 -0.14 -0.17 -0.13 -0.16 -0.03 -0.12
C1
C3 Axial Moment -0.13 -0.10 -0.21 -0.18 -0.18 0.03 -0.16
C2 Extension Moment -1.50 -0.96 -1.48 -0.82 -1.15 -0.49 -0.66
Lateral Moment 0.18 0.21 0.23 0.03 0.05 0.10 0.13
C4 Axial Moment -0.17 -0.12 -0.21 -0.19 -0.21 0.03 -0.15
C3 Extension Moment -1.67 -1.00 -1.62 -0.84 -1.19 -0.41 -0.61
Lateral Moment -0.29 0.04 0.35 0.12 -0.07 -0.08 0.22
C5 Axial Moment -0.24 -0.15 -0.19 -0.17 -0.24 0.01 -0.13
C4 Extension Moment -1.79 -0.96 -1.68 -0.78 -1.16 -0.22 -0.47
Lateral Moment -0.90 -0.20 0.50 0.25 -0.23 -0.32 0.37
Cé6 Axial Moment -0.27 -0.56 -0.20 -0.17 -0.23 0.00 -0.12
C5 Extension Moment -1.60 -0.66 -1.45 -0.51 -0.85 0.18 -0.05
Lateral Moment -1.54 -0.45 0.68 0.41 0.41 -0.57 0.60
C7 Axial Moment -0.05 -0.09 -0.25 -0.23 -0.18 0.10 -0.24
C6 Extension Moment -0.50 0.32 -0.31 0.41 0.31 1.27 1.19
Lateral Moment -2.16 -0.72 0.86 0.60 -0.49 -0.83 0.85
Sacrum Axial Moment -0.01 -0.02 0.01 0.02 0.01 -0.02 0.04
Pelvis Flexion Extension Moment 1.32 0.49 0.81 0.49 0.88 0.44 1.85
Lateral Moment 0.02 0.03 -0.01 -0.03 -0.01 0.03 -0.06
T1 Axial Moment 0.16 -0.01 -0.31 -0.27 -0.15 0.18 -0.38
Cc7 Extension Moment 0.84 1.42 1.09 1.40 1.66 2.42 2.58
Lateral Moment -2.83 -2.83 1.06 0.85 -0.61 -1.15 1.17
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cord injury (SCI) during the seven phases of the gait cycle
(Phases 1-7).

The simulations examined spinal loading with exoskel-
eton assistance in individuals with complete spinal cord
injury (SCI). Lower-limb muscles were deactivated to rep-
resent the assumed loss of motor function. The exoskele-
ton was incorporated into the musculoskeletal model, and
loads were estimated in the cervical, sacrum-pelvis, and
thoracic regions.

In the cervical spine, the extension moment decreased
by 46%, overall joint loading by 30%, and the lateral bend-
ing moment by 88%. At the sacrum-pelvis joint, the corre-
sponding reductions were 91%, 85%, and 92%.

The thoracic region showed a 97% reduction in the
extension moment and a 71% reduction in the lateral
bending moment. Overall joint loading decreased by 8%,
a smaller change than those observed in the two moment
components.

Exoskeleton assistance reduced these loading measures
in all three regions under the specified model conditions.
However, the simulations did not assess pain, stability,
fatigue, or long-term tissue changes. Experimental mea-
surements and clinical assessments are needed before these
estimates can inform rehabilitation decisions.

Exoskeletons provide external support during move-
ment and may alter loads within the musculoskeletal sys-
tem. In people with spinal cord injury (SCI), this support
can assist walking when lower-limb motor function is
impaired. However, the effects on individual spinal joints
depend on the device, task, and user. This study used the
AnyBody Modeling System to compare estimated spinal
forces and moments during walking in healthy participants
and participants with SCL

Previous studies have examined exoskeleton assistance
during lifting and other physically demanding tasks. Passive
back-support devices have been reported to reduce trunk
extensor muscle activity by 10-28% and energy expendi-
ture by 4-13% [28, 29]. These findings concern different
tasks and device types, so they cannot be directly trans-
ferred to lower-limb exoskeleton-assisted walking. Studies
have also evaluated AnyBody predictions against experi-
mental measurements [30]. Such validation does not estab-
lish the accuracy of every model configuration, including
the one used here.

Task-specific evaluations are needed because loading
patterns may change with walking speed, slope, carried
loads, and exoskeleton design [31]. The present study
combined recorded joint kinematics with musculoskeletal
modeling to examine spinal loading under selected walking
conditions. Healthy walking was modeled with and without
an exoskeleton. For participants with SCI, assisted walking
was compared with a theoretical unassisted condition. This
theoretical condition was a computational reference, rather
than an observed walking trial.

The reported average reduction in spinal joint forces was
25-30% during exoskeleton-assisted gait. Cervical forces

decreased by up to 40%, while lumbar forces decreased by
approximately 30%. These estimates indicate lower loading
for the reported comparisons. They should be interpreted
alongside the joint-specific and directional results, which
included both reductions and increases in some moment
components. Exoskeleton assistance therefore did not pro-
duce a uniform change across the spine.

The reductions are consistent with reports of load
redistribution during exoskeleton use [32]. However,
differences in device design, model assumptions, and
movement conditions limit direct comparisons between
studies. Lower cervical forces do not, by themselves,
establish improved upper-body stability or reduced neck
strain. Likewise, lower lumbar forces do not demonstrate
pain relief or protection against injury. Previous reports
on cervical and lumbar unloading provide context for
these findings [28, 33], but clinical outcomes require sep-
arate assessment.

The exoskeleton frame was made from A-grade fiber-
glass. Lightweight materials have also been considered in
other exoskeleton designs [34]. This study did not compare
different frame materials, so the loading reductions cannot
be attributed specifically to fiberglass. Its effects on device
mass, structural behavior, and mobility would need to be
evaluated through material and device testing.

Several limitations affect the interpretation of the
results. The study included four participants from the
Adana region of Tiirkiye: two healthy individuals and two
individuals with SCI. Height and body mass were matched
within the male and female pairs. This reduced variation in
those characteristics, but it did not account for other dif-
ferences between participants. The sample was too small
to estimate population-level effects or examine variation in
injury characteristics.

The recordings were obtained under laboratory condi-
tions. Participants with SCI used a Robogait rehabilitation
system, while healthy participants walked on a treadmill.
Differences between these arrangements may have influ-
enced the recorded movements and subsequent load
estimates. Only two gait cycles were recorded for each par-
ticipant with SCI. These recordings provide limited infor-
mation about variation between cycles or changes during
longer walking sessions.

The SCI simulations assumed inactive lower-limb
muscles. The model also treated body segments as rigid
and did not represent soft tissue deformation. These
assumptions simplify the modeled interaction between
the person and the exoskeleton. The estimated loads
therefore depend on the specified muscle settings, joint
constraints, attachment points, and movement inputs. No
independent validation of the spinal load estimates was
reported for this study.

Further work should include more participants with a
wider range of injury levels, body dimensions, and walking
abilities. Repeated trials could help assess the consistency of
the estimates. Analyses at different speeds, on slopes, and
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under additional loading conditions would clarify how task
demands affect spinal loading. Device fit, attachment posi-
tion, and mass distribution should also be examined.

Longer-term studies are needed to assess comfort,
fatigue, pain, and rehabilitation outcomes. Comparisons
with experimental measurements would help evaluate the
model predictions. Until such evidence is available, the
present findings should be treated as case-level simulation
results describing how exoskeleton assistance changed esti-
mated spinal loads under the selected conditions.

CONCLUSION

This study used the AnyBody Modeling System to esti-
mate spinal loads during walking in healthy individuals
and people with complete spinal cord injury (SCI). In the
reported comparisons, cervical joint forces decreased by
approximately 40% and lumbar joint forces by 30% with
exoskeleton assistance. The changes were not uniform.
Some joint moments increased even when other loading
measures decreased.

Recorded joint movements were used to compare forces
and moments across gait phases. The study included four
participants, and unassisted walking in the SCI models was
a theoretical reference rather than an observed trial. The
results therefore apply to these cases and the assumptions
used in the simulations.

The exoskeleton had an A-grade fiberglass frame. No
other materials were tested, so the study could not isolate
the effect of fiberglass on loading or device performance.
Pain, postural stability, injury prevention, and rehabilita-
tion outcomes were also not assessed. Workplace applica-
tions would need to be evaluated separately.

Further studies should include more participants
and repeated walking trials at different speeds, on slopes,
and with carried loads. They should also examine device
alignment, attachment position, and individual anatomy.
Experimental measurements are needed to check the esti-
mated loads. Longer-term clinical studies could then assess
whether these changes benefit users.
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