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A B S T R A C T   

Adolescent Idiopathic Scoliosis (AIS), an abnormal lateral curvature of the patient’s spine with vertebral rotation, 
is one of the biggest problems in the orthopedic profession. Non-surgical treatments of AIS, including bracing, 
has the following limitations: i) sensor-less design and lack of closed-loop control on the motion and forces 
exerted on the torso result in no adaption to the skeletal changes during the treatment, ii) lack of interaction 
control may also make the brace inconvenient and insecure for the patient. In this paper, a novel robotic 
exoskeleton equipped with linear actuators, position, and force sensors is developed to control the motion and 
forces exerted on the torso. It consists of three Stewart-Gough Platforms (SGP). Robotic AIS rehabilitation is 
modeled by combining the dynamics formulation of each SGP with the mass-spring-damper model of the thoracic 
segment and utilizing the inverse dynamics problem to compute the required forces for moving the spine to the 
desired position. Numerical ADAMS and MATLAB simulations are used to verify the interaction dynamics 
formulation. In addition, impedance control is used to control the interaction instead of using position and force 
control separately. A Model Reference Adaptive Impedance Control (MRAIC) is also proposed to compensate for 
the negative effects of uncertainties existing in the interaction dynamics modeling and improve the interaction 
control. The performance of the MRAIC is verified and validated using numerical MATLAB simulations and real- 
time experiments in terms of position tracking and reference impedance model tracking.   

1. Introduction 

The vertebral column, also called the spinal column, plays a vital role 
in our bodies. It supports the trunk, protects the spinal cord and nerve 
roots, and provides posture while allowing movement and flexibility. 
The human spine is usually a series of 33 vertebrae; the upper part 
consists of 24 articulated vertebrae, including seven cervical vertebrae 
(C1–C7), 12 thoracic vertebrae (T1-T12), and five lumbar vertebrae (L1- 
L5). The lower nine fused vertebrae in adults consist of five in the 
sacrum and four in the coccyx. 

Spinal deformity is an abnormal curvature in the spine or a rotation 
of the spine that can seriously affect daily life activities and can damage 
the musculoskeletal, respiratory, and nervous systems. Over 600000 
patients with spinal deformities are treated every year [1]. Common 
spinal deformities are kyphosis: abnormal forward curvature of the 
thoracic spine which can create the form of a hump; lordosis: abnormal 
inward curvature of the lumbar spine; scoliosis: abnormal side-to-side 
curvature of the spine and may also involve twisting or rotation of the 
bones of the spine in the severe and untreated cases. Kleinberg 

introduced the term Idiopathic Scoliosis (IS) in 1922, and it is applied to 
all patients in which no specific diseases causing the deformities have 
been found. It occurs in apparently healthy children and can progress 
due to multiple factors during any rapid period of growth [2]. Adoles-
cent Idiopathic Scoliosis (AIS) is by far the most common scoliosis 
affecting teenagers between the ages of 10–18, and it is found that 2–3% 
of adolescents worldwide suffer from AIS with a Cobb angle above 10◦

[3]. In general, AIS curves progress during the period of a growth spurt 
of the patient. If AIS is left untreated, severe curvature can form and 
cause the vertebrae to rotate and move even further out of position, 
making it difficult to breathe, causing pressure on the spinal cord and 
nerves, and impairing the quality of life. 

The conventional treatment of the AIS is bracing. It attracted peo-
ple’s attention in the middle of the 20th century due to an increase in 
complications in the surgical treatment, with the primary objectives to 
halt and reduce the Cobb angle progression and avoid surgery. Several 
rigid braces, e.g., Milwaukee [4–6], Boston [7,8], Lyon [9,10], and 
Chêneau [11–13], were developed to treat different scoliosis curves. 
These rigid braces seriously affect the quality of daily life because they 
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need to be worn over 18 h a day to achieve better corrective results. 
Therefore, nighttime braces, e.g., Charleston [14] and Providence [15], 
were developed to mitigate wear time and improve compliance. 
Although the rigid braces are quite good in curve correction, the pro-
longed excessive forces, the static and rigid nature of the braces may 
cause skin breakdown, abnormal bone deformation, and weakening the 
muscles around the spine. Therefore, soft braces, e.g., SpineCor [16], 
SpinealiteTM [17], and TriaC [18], were developed to overcome the 
rigid braces’ limitations. 

The main disadvantage of the soft and rigid braces is that their 
passive and sensor-less designs cause a lack of control over the position 
and the forces. The brace is also not adapted to changes in the torso over 
the course of treatment. Many review literature investigates the current 
advancements in robotic exoskeletons [19–22], but only a few reviews 
on the current spinal exoskeletons are found. A review of the current 
spinal robotic orthoses is presented in Ref. [23], and a review of current 
passive braces highlights advancements in spinal orthoses in terms of 
new construction methods, improved sensory designs, and active actu-
ation mechanisms in Ref. [24]. Green Sun Medical developed a 
custom-made brace called Whisper [24]. It provides physicians and 
patients with real-time measurements, including muscle activities, to 
give feedback on muscle activation during the bracing time. In Ref. [25], 
an active thoracolumbosacral orthosis named Robotic Spine Exoskeleton 
(RoSE), capable of providing controlled forces/torques for AIS treat-
ment, is designed and developed by a research group from Colombia 
University. It consists of two Stewart-Gough Platforms (SGP) connected 
in series that can also control the motion of two regions of the spine 
through independent position control of each platform using six parallel 
linear actuators. The motion and forces exerted on the spine seriously 
depend on the mechanical features of the human torso, such as torso 
stiffness. Characterizing torso stiffness of healthy person and scoliosis 
patients were also carried out by Colombia University using RoSE 
tailored to the users [26,27]. However, the moving platforms of the 
robotic spine exoskeleton have contact with the human torso, so the 
forces exerted on the human body and the motion caused by these forces 
are two significant factors that must be considered in the control design. 
On the other hand, the motion variables and the contact forces are two 
dynamically dependent quantities, so controlling the dynamic rela-
tionship between them can be a better choice to provide safe and 
convenient interaction between the robot and the environment rather 
than using position control or force control separately that were used in 
Ref. [25]. In other words, the interaction control can be applied to the 
exoskeleton instead of using motion and force control separately. In 
brief, the main limitations of current braces are: i) passive and 
sensor-less design, ii) lack of control on the motion and forces, and iii) no 
interaction control. 

In this paper, a robotic spine exoskeleton with three SGPs, capable of 
applying controlled forces on three regions of the torso, including the 
vertebrae T4, T7, and T11, and moving them to the desired position, is 
developed at the Robotics Lab of Aarhus University to overcome these 
limitations. It is equipped with 18 force sensors and 18 linear actuators, 
and each actuator has built-in potentiometer feedback to provide the 

position measurements. Although the 3D model of the exoskeleton is 
designed based on a surface scan of an AIS patient, the exoskeleton 
design can be personalized for any other scoliosis patient as well. The 
surface scan of a scoliosis patient and the 3D model of the exoskeleton 
are shown in Fig. 1, and the detailed explanations of the exoskeleton 
design and experimental setup are presented in section 2. Robotic AIS 
rehabilitation is modeled by implementing the inverse dynamics prob-
lem and computing the forces required to apply a desired motion to the 
vertebrae. Adaptive interaction control is also proposed to improve the 
safety and convenience of the patient. 

Robotic AIS rehabilitation is modeled to determine the required 
forces for moving the spine to the normal posture. To this goal, the 
dynamics model of three SGPs is derived separately using the 
Lagrangian formulation, and 18 mass-spring-damper systems are uti-
lized to model the mechanical behavior of the thoracic segment of the 
torso in three regions. The inverse dynamics problem is applied to the 
combined dynamics model of the exoskeleton and the torso to compute 
the required actuator forces, assuming that the desired displacement and 
rotation of the vertebrae T4, T7, and T11 are known and considered as 
the required motion of the apex, the top end, and the bottom end of the 
scoliosis curvature. In section 3, the robotic rehabilitation modeling of 
AIS is presented in detail. Numerical ADAMS and MATLAB simulations 
presented in subsection 5.1 are carried out to verify the dynamics 
formulation of the SGPs interacting with the thoracic part of the torso. In 
addition, the interaction between the robot and the torso is modeled as a 
mass-spring-damper system, and Impedance Control (IC) is proposed for 
interaction control of the SGPs. Note that the dynamics and control of 
each SGP are discussed separately in this paper instead of considering 
three SGPs as a single unit. 

Regarding the impedance control, there are two main challenging 
issues: i) how to obtain an estimation of the impedance parameters to 
evaluate the performance of the impedance control, ii) how to improve 
the impedance control performance in the presence of the uncertainties 
existing in the dynamics model of the robot and the torso. First, the 
Kalman filter is used to estimate the impedance parameters of the 
interaction using motion and contact force measurements. Then, a 
Model Reference Adaptive Impedance Control (MRAIC) is proposed to 
reduce the position tracking error in the presence of interaction and 
make the exoskeleton follow the reference impedance model by regu-
lating the adaptive parameters of the controller without the need for any 
information from the dynamics models of the robot and the torso. Fig. 1 
also shows the schematic diagram of the MRAIC. A detailed explanation 
of the proposed control strategies, including the IC and the MRAIC, are 
presented in section 4. Numerical MATLAB simulations and real-time 
experiments presented in subsection 5.2 are conducted to verify and 
validate the MRAIC performance compared to the typical IC. 

2. Exoskeleton design and experimental setup 

The mechanical design of the exoskeleton is described first. In 
scoliosis, the spine becomes twisted or gets abnormal curvature in the 
coronal plane. In most cases, the abnormal curvature in the coronal 

Fig. 1. The surface scan, the 3D model of the exoskeleton, and the schematic diagram of the Model Reference Adaptive Impedance Control (MRAIC).  
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plane implies an abnormal curvature in the sagittal plane. Thus, to move 
the spine to a specific position and orientation, only two translational 
and one rotational DOFs are required. However, as the spine elongates 
when the patient straightens up or relaxes, an additional translational 
DOF is needed. The last two rotational DOFs are added to allow the 
patient to bend. The mechanical design of the exoskeleton is developed, 
and it consists of three SGPs connected in series, seen in Fig. 1. The hip 
ring is fixed at the patient’s hip, and the other three moving rings are 
attached to the thoracic part to apply pressure on the vertebrae T4, T7, 
and T11 through the ribcage and the tissues. In order to achieve the best 
fit of the exoskeleton, the design of the exoskeleton is based on a surface 
scan of a scoliosis patient and is therefore non-symmetric. However, this 
exoskeleton is patient-specific, i.e., it can be used for curvature correc-
tion of any other scoliosis patient by adding new rings to the inner part 
of the current rings. Note that the inner part of the new rings should be 
designed based on the surface scan of the new scoliosis patient and the 
outer part of the new rings should be fitted with the inner part of the 
current rings. In addition, the location of the contact points of the 
moving rings should change based on the apex, the lowermost, and the 
uppermost vertebrae of the spine curvature of any other scoliosis pa-
tient. The required translation of the entire exoskeleton in the coronal 
and sagittal plane are − 50 to 50 mm, respectively. The required axial 
rotation and the maximum forces are − 20◦ to 20◦ degrees and 70 N, 
respectively. The mechanical structure of the exoskeleton is manufac-
tured using 3D printing, which allows for fast prototyping and patient- 
based design customization. Note that the developed exoskeleton acts 
as the first prototype for assessing and treating scoliosis. 

The experimental setup, shown in Fig. 2, consists of two main parts, 
including hardware and software. The hardware consists of four 3D- 
printed rings, 18 actuators, a sensing system, 36 spherical joints, nine 
h-bridge drivers, a real-time control system, a power supply, and a host 
PC. Note that a physical model of the torso, seen in Fig. 2, is also 
developed and placed inside the exoskeleton, but it is not the focus of 
this paper, and it will be improved in our future work. Two software, 
MATLAB and LabVIEW, have also been used for programming the ro-
botic exoskeleton. In order to move the moving platforms of the 
exoskeleton and provide the required forces on the torso, 18 Actuonix 
linear actuators model P16-50-64-12-P are used. The maximum stroke 
and force provided by each actuator are 50 mm and 90 N, respectively. 
Two consecutive rings are connected by six actuators and 12 spherical 
joints. Each actuator has built-in potentiometer feedback to measure the 
actuator stroke. The sensing system also includes 18 Force sensors (FSR 
402) placed inside the moving rings to measure the contact forces be-
tween the moving platforms and the patient’s torso. The force sensitivity 
range of FSR 402 is 0.1 to 100 N. Furthermore, nine dual H-bridge 
MDD10A Rev. 2 drivers are used to drive the linear actuators and control 
the direction of the actuators. 

One National Instruments (NI) Compact RIO 9082 and one NI 9149 
Ethernet Compact RIO Chassis are also utilized for real-time control. Six 
NI 9201 analog input modules and six NI 9472 digital output modules 
are used to collect the actuators’ position data and implement the Pulse 
With Modulation (PWM) and the direction signal to the MDD10A 

drivers, respectively. The power of the force sensors is provided by one 
NI 9263 analog output module. An EL 302R Power Supply 30V and 2A is 
used to power the electronic circuits of the second SGP, and the Compact 
RIOs are also connected to the public power network. 

Data processing setup is also described here. The built-in potenti-
ometer feeds back the actuator position. The contact forces between the 
moving platforms and the torso are measured and fed back using the 
force sensors placed in the inner part of the moving rings. The desired 
change in the pose of the moving platform Δχd, the simulation time tf , 
and the controller gains are defined by the user in the front panel of the 
LabVIEW program on the host PC. Data processing is split between 
LabVIEW and MATLAB, where data acquisition and signal processing 
are performed in LabVIEW, and the system dynamics matrices and the 
moving platforms’ position and orientation are computed using MAT-
LAB on the host PC. In order to transport data between MATLAB and 
LabVIEW, User Datagram Protocol (UDP) is established, and LabVIEW 
and MATLAB run simultaneously. Then, the controller in LabVIEW 
provides the duty cycle and the direction signals to the voltage divider 
circuits. The voltage dividers consist of two resistors used to regulate the 
input signals to the drivers. Finally, the required PWM signal for driving 
and force control of each actuator is provided by the MDD10A driver. 

3. Modeling robotic rehabilitation of AIS 

The robotic rehabilitation of AIS is analytically modeled, and an 
inverse dynamics problem is implemented to compute the actuator 
forces required for applying the desired motion for curvature correction 
to the spine. The middle point of the moving rings is assumed to be the 
center of mass of the vertebrae T4, T7, and T11, assuming that these 
three vertebrae represent the apex, the lowermost, and the uppermost 
end of typical single-curve scoliosis. The translational and rotational 
displacements of these three vertebrae required for correcting the 
abnormal curvature of the spine and moving the spine to the correct 
posture are considered as the desired motion of the moving rings. The 

Fig. 2. The experimental setup and the data processing setup.  

Fig. 3. The schematic diagram of the second SGP and the mass-spring-damper 
model of the thoracic part at the T7 level. 
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required actuator forces to create such a motion are calculated by 
applying the desired motion as the input to the dynamics model of each 
SGP and solving the inverse dynamics problem. Therefore, the required 
motion and forces for curvature correction of the scoliosis patient are 
obtained. To this purpose, the dynamics model of the SGP along with the 
mechanical model of the thoracic part is needed to solve the above-
mentioned inverse dynamics problem. The Lagrangian formulation is 
used to derive the dynamics model of the SGP, and the mass-spring- 
damper systems are used to model the mechanical behavior of the 
torso. Note that the free spaces in the posterior of the moving rings are 
placed at the posterior of the patient’s torso. 

In order to simplify the graphical representation of the model, the 
schematic diagram of the second SGP and the mass-spring-damper 
model of the thoracic segment at the T7 level are shown in Fig. 3, and 
the same model is then applied to the first and the third SGPs as well. Six 
identical piston-cylinder linear actuators located in the six limbs are 
used to generate the spatial motion of the moving platform. The cylinder 
and piston in each actuator are connected by a prismatic joint. The fixed 
ring and moving platform are connected to the actuators by 12 passive 
spherical joints at the attachment points Ai and Bi, i = 1,2, …, 6, 
respectively. Therefore, the architecture of the manipulator follows the 
kinematic structure of a 6-6 SGP where all the limbs have identical ki-
nematic chains of SPS. Besides, the frames {A} and {B} are attached to 
the fixed base and the moving platform at the points OA and OB, 
respectively. Aai and Bbi also represent the position vector of the 
attachment points Ai and Bi with respect to the frames {A} and {B}, 
respectively. 

The length of the ith limb is denoted by li and L = [l1 l2… l6]T denotes 
the limbs’ length of the SGP. The translational motion of the moving 
platform is described by the position vector of the origin OB with respect 
to the fixed frame {A}, which is described by AP = [px py pz]

T . The 
orientation of the moving platform is described as AOB = [α β γ]T and ARB 

represents the rotation matrix of the frame {B} with respect to the frame 
{A}. α, β, and γ represent the rotation around the x, y, and z axes of the 
frame {A}. Therefore, χ = [APT AOB

T]
T denotes the pose of the moving 

platform with respect to the fixed frame {A}. 
The dynamics formulation is derived using the Lagrangian formu-

lation while the robot is in contact with the environment. It is assumed 
that the limbs are symmetric with respect to their axes, and the frictions 
in the spherical joints are ignored. The manipulator is decomposed into 
the moving platform and six limbs. The dynamics formulation of the 
limbs and the moving platforms are computed using the Lagrangian 
method separately, and they are added together to obtain the closed- 
form dynamics formulation of the manipulator. The final dynamics 
model of the SGP is as follows 

M(χ)χ̈ +C(χ, χ̇)χ̇ +G(χ)+F e +F d =F τ = JT τ (1)  

where M(χ), C(χ, χ̇), and G(χ) denote the mass matrix, the Coriolis and 
centrifugal matrix, and the gravity vector of the second SGP. Besides, 
F e denotes the interacting wrench between the moving platform and 
the human torso at the T7 level, F d represents the disturbance wrench, 
and F τ denotes the projection of the actuator forces in the task space. χ̇, 
χ̈, J, and τ = [τ1 τ2… τ6] also represent the velocity and acceleration of 
the moving platform, the Jacobian matrix, and the actuator forces vec-
tor. The dynamics matrices of the manipulator are as follows 

M(χ)=Mp +
∑6

i=1
Mli (2)  

C(χ, χ̇)=Cp +
∑6

i=1
Cli (3)  

G(χ)=Gp +
∑6

i=1
Gli (4)  

in which Mp, Cp, and Gp denote the mass matrix, the Coriolis and cen-
trifugal matrix, and the gravity vector of the moving platform. Mli, Cli, 
and Gli represent the mass matrix, the Coriolis and centrifugal matrix, 
and the gravity vector of the ith limb. The dynamics matrices of the 
moving platform are as follows 

Mp =

[
mpI3*3 03*3
03*3

AIp

]

(5)  

Cp =

[
03*3 03*3
03*3 ω×

AIp

]

(6)  

Gp =

[
− mpg
03*1

]

(7)  

where mp, AIp, ω×, and g denote the mass of the moving platform, the 
inertia matrix of the moving platform, the skew-symmetric form of the 
angular velocity of the moving platform, and the gravity vector. I3*3 is 
also a 3*3 identity matrix. The dynamics matrices of the limbs in the task 
space are obtained as follows 

Mli = JT
biMiJbi (8)  

Cli = JT
biMiJ̇bi + JT

biCiJbi (9)  

Gli = JT
biGi (10)  

Jbi =
[

I3 − Abi×
]
, ẋi = Jbiχ̇ (11)  

where xi, ẋi, and Jbi denote the intermediate coordinates, its velocity, 
and the intermediate Jacobian matrix. The intermediate coordinates are 
defined as the position of the attachment points with respect to the 
frame {A}. Mi, Ci, and Gi represent the dynamics matrices of the limbs in 
the joint space, and they are obtained as follows 

Mi =

(

mi2 − mce −
Ixxi

l2
i

)
( A ŝi×

)2
+ mi2I3*3 (12)  

mce =
1
l2
i

(

mi1c2
i1 +mi2(li − ci2)

2

)

(13)  

Ci = −
2
li

mcol̇i
( A ŝi×

)2
−

1
l2
i
mi2ci2

A ŝiẋT
i

( A ŝi×
)2 (14)  

mco =
1
li

mi1ci1 −
1
l2
i

(
Ixxi + l2

i mce
)

(15)  

Gi =
(

mge
( A ŝi×

)2
− mi2

A ŝi
A ŝi

T
)

g (16)  

mge =
1
li
(mi1ci1 +mi2(li − ci2)) (17)  

where mi1 and mi2 denote the mass of the ith cylinder and piston, 
respectively. Besides, ci1 and ci2 represent half the length of the ith cyl-
inder and piston, respectively. A ŝi and A ŝi× denote the unit vector of the 
ith limb and its skew-symmetric form. Finally, Ixxi also represents the first 
diagonal element of the inertia matrix of the cylinder. 

The provided force and torques are transmitted to the vertebra 
through the tissues and the ribs connected to the T7. Therefore, six mass- 
spring-damper systems are used to model the mechanical behavior of the 
tissues and the ribs between the moving ring of each SGP and the spine. 
The contact points of the springs and the moving platforms in the model 
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are chosen to be the same as the location of the force sensors in the 
developed exoskeleton. The deformation is represented by χ− χe in 
which χe is the rest location of the spring, and it complies with the pose 
of the moving platform at the initial position and orientation. The 
interaction wrench is obtained using the linear relation of the trans-
lational and rotational stiffness and damping properties of the torso, as 
follows 

F e =Ke(χ − χe)+Ce(χ̇ − χ̇e) + Me

(

χ̈ − χ̈e

)

(18) 

In which Me, Ce, and Ke denote the mass, spring, and damping co-
efficients of the model. Fig. 3 also shows the schematic diagram of the 
proposed model of the thoracic segment. The dynamics model of three 
SGPs is obtained by applying the same formula to each SGP and adding 
six mass-spring-damper systems to each SGP’s model. Finally, 18 actu-
ator forces required to implement the desired motion to each SGP are 
calculated by solving the inverse dynamics problem of each SGP 
separately. 

4. Control strategy and design 

Control strategies are needed to provide the required forces for 
creating the desired motion of the spine. It is vital to use interaction 
control in applications where the robot is in contact with the environ-
ment rather than controlling the motion and forces separately. Imped-
ance control is widely used to control the dynamic relationship between 
the contact wrench and the end-effector motion [28,29]. Regarding AIS 
treatment, the interaction between the exoskeleton and the thoracic 
segment of the torso is modeled as a mechanical impedance. The 
impedance control strategy is utilized to provide the desired interaction 
for AIS treatment and guarantee safe and convenient interaction. 

However, the impedance control strategy has limitations that pre-
vent the robot from following the desired trajectory while interacting 
with the environment and investigating if the desired impedance model 
is reached. Noisy measurements of the contact wrench and the un-
certainties in the dynamics model of the exoskeleton and the torso affect 
the controller performance in terms of position tracking and desired 
impedance model tracking. In the following subsections, the impedance 
control is formulated first, and the Kalman filter estimator is proposed to 
estimate the actual impedance parameters using motion and interaction 
force measurements. Finally, a Model Reference Adaptive Impedance 
Control (MRAIC) is proposed to overcome the abovementioned limita-
tions of the impedance control. In MRAIC, a reference impedance model 
is defined. The adaption law is used to adjust the unknown parameters of 
the control law so that the position tracking error is reduced to zero and 
the reference impedance model is met. 

4.1. Interaction modeling and control 

The interaction is modeled as a mechanical impedance first. Then, 
the impedance control is proposed for interaction control of each SGP. 
Finally, the interaction formulation is rewritten in the form of a linear 
and discretized state-space representation, assuming that the impedance 

parameters are the state vector of the system. The linear Kalman Filter 
estimator is used to estimate the impedance parameters. 

4.1.1. Impedance control 
The interaction can be defined as a dynamic relationship between the 

contact wrench and the motion of the moving platform. Therefore, 
mechanical impedance can be used for interaction modeling. The me-
chanical impedance is defined as the ratio of the Laplace transform of 
the mechanical effort (contact wrench) and the mechanical flow (ve-
locity). 

Z(s)=
F e(s)
Ė(s)

=
F e(s)
sE(s)

(19)  

F e(s)= s Z(s)E(s) (20)  

In which Z(s), Ė(s), and E(s) denote the mechanical impedance, the 
relative velocity, and the relative displacement in the Laplace domain. 
The relative displacement is E(s) = χd(s) − χ(s) and the desired me-
chanical impedance may be written as follows 

Z(s)= Mds + Cd +
Kd

s
(21)  

where Md, Cd, and Kd are the desired inertia, damping, and stiffness 
coefficients of the interaction. χ(s) and χd(s) denote the actual and 
desired pose of the moving platform in the Laplace domain. Therefore, 
the impedance model is obtained as 

Mdë+Cdė + Kde = F e (22)  

where e = χd − χ. Therefore, the interaction between the exoskeleton 
and the torso can be modeled as a mass-spring-damper system formu-
lated in Eq. (22). In order to control the interaction between the human 
torso and the moving platform, the impedance control is applied. To 
derive the control law F τ, the actual acceleration χ̈ is derived from Eq. 
(22) as follows 

χ̈ =M− 1
d (Cd(χ̇d − χ̇)+Kd(χd − χ) − F e) + χ̈d (23) 

By replacing χ̈ from Eq. (23) into the dynamics model of SGP in Eq. 
(1), assuming that F d = 0, and using the estimated dynamics matrices 
and the measured contact wrench F m instead of the actual dynamics 
matrices and the actual contact wrench F e, the impedance control law 
is obtained 

F τ = M̂M− 1
d

(

Mdχ̈d +Cd(χ̇d − χ̇)+Kd(χd − χ) − F e

)

+ Ĉχ̇ + Ĝ + F m

(24)  

In which M̂, Ĉ, and Ĝ represent the estimated dynamics matrices of 
SGP. Fig. 4 shows the architecture of the impedance control. 

4.1.2. Impedance model estimation 
Kalman filter is proposed to estimate the actual impedance param-

eters of the interaction based on the measured contact wrench and the 
motion measurements to check if the desired impedance parameters are 

Fig. 4. The impedance control architecture and the Kalman filter used to estimate the actual impedance parameters.  
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reached, seen in Fig. 4. The impedance model in Eq. (22) is rewritten as 
follows 

F e =

⎡

⎢
⎣

ë1 ė1 e1
… … …
ë6 ė6 e6

⎤

⎥
⎦

⎡

⎣
Md
Cd
Kd

⎤

⎦→F e = Cθ (25)  

where θ is the impedance parameters vector and C denoting the motion 
error matrix. Therefore, the discrete stochastic form of the impedance 
model may be written as 

θ(k) = θ(k − 1) (26)  

F e(k)=C(k)θ(k) + v(k) (27)  

In which v is the measurement noise. Kalman filter equations for this 
system is as follows 

θ̂(k)= θ̂(k − 1)+K(k)(F e(k) − C(k)θ̂(k − 1)) (28)  

K(k) = P(k − 1)C(k)T
(C(k)P(k − 1)C(k)T

+ P(k)
)− 1 (29)  

P(k) = (I + K(k)C(k))P(k − 1)(I + K(k)C(k))T
+ K(k)R(k)K(k) (30)  

In which θ̂ is the estimation of the impedance parameters vector. K, P,
and R denote the Kalman gain, the estimation covariance matrix, and the 
covariance matrix of the measurement noise. 

4.2. Model reference adaptive impedance control 

In this section, a Model Reference Adaptive Impedance Control 
(MRAIC) is proposed. In this method, a reference impedance model is 
defined. The unknown parameters of the actual impedance model are 
regulated so that the reference impedance model is reached and the 
position tracking error tends to zero. Fig. 5 shows the architecture of the 
MRAIC. The impedance model in Eq. (22) is corrected by defining the 
desired contact wrench fd and subtracting it from the actual contact 
wrench F e as follows 

Md

(

χ̈d − χ̈
)

+Cd(χ̇d − χ̇)+Kd(χd − χ )= fd − F e (31) 

It is assumed that the contact wrench is related to the location of the 
contact point and the robot pose as follow 

F e =Ke(χe − χ) (32)  

in which Ke is the stiffness matrix of the specified segment of the torso. 
By adding and subtracting χd to Eq. (32) and substituting it into Eq. (31), 
the impedance model is rewritten as follows 

ë+Aė + Be = c (33)  

A=M− 1
d Cd, B=M− 1

d (Kd +Ke), c=M− 1
d (fd +Ke(χd − χe)) (34) 

Then the reference impedance model is defined as follows 

ëm +Amėm + Bmem = 0 (35)  

where Am and Bm are positive definite, and it is chosen so that em→0 and 
ėm→0 when t→∞. The main goal of the MRAIC is to regulate the un-
known parameters A and B so that the closed-loop control system fol-
lows the reference impedance model, meaning that the position tracking 
error e follows the desired position tracking error em and tends to zero. 
The actual impedance model parameters A and B also follow the refer-
ence model coefficients Am and Bm. To derive the adaptive control law 
for MRAIC, first, the actual acceleration of the moving platform χ̈ is 
obtained from Eq. (33) as follows 

χ̈ = χ̈d +A(χ̇d − χ̇) + B(χd − χ )–c (36) 

By substituting Eq. (36) into Eq. (1), assuming that F d = 0, and 
using the estimated dynamics matrices and measured contact wrench 
F m instead of the actual dynamics matrices and the actual contact 
wrench F e, the control law is obtained as follows 

F τ = M̂
(

χ̈d + Â(χ̇d − χ̇)+ B̂(χd − χ ) − ĉ
)

+ Ĉχ̇ + Ĝ + F m (37)  

where Â, B̂, and ĉ denote the estimates of uncertain parameters A, B, 
and c. The controller parameters A, B, and c are regulated by adaption 
law so that the reference impedance model in Eq. (35) is reached, and 
the position tracking error tends to zero. 

Now the dynamics model of the error between the actual impedance 
model and the reference model is obtained by adding Amė + Bme to both 
sides of Eq. (33), replacing A and B with their estimates Â and B̂, and 
subtracting Eq. (35) from Eq. (33) as follows 

ξ̈+Amξ̇+Bmξ=(Am − Â)ė+(Bm − B̂)e + ĉ (38)  

where ξ = e − em. Assuming that λ = [ξT ξ̇T
]
T and μ = [eT ėT

]
T, Eq. (38) is 

rewritten as 

λ̇=Axλ+Ayμ +
[
0 ĉT]T (39)  

In which 

Ax =

[
06×6 I6×6
− Bm − Am

]

, Ay =

[
06×6 06×6
Bm − B̂ Am − Â

]

(40) 

According to the adaptive control proposed in Ref. [30], the adaption 
law is defined as follows 

Fig. 5. The model reference adaptive impedance control architecture.  
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Â = Â(0) + Qa

⎛

⎝
∫t

0

ω(τ)ėT(τ)dτ+ωėT

⎞

⎠ (41)  

B̂ = B̂(0) + Qb

⎛

⎝
∫t

0

ω(τ)eT(τ)dτ +ωeT

⎞

⎠ (42)  

ĉ = ĉ(0) − Qc

⎛

⎝
∫t

0

ω(τ)dτ+ω

⎞

⎠ (43)  

where Qa, Qb, and Qc are all positive definite matrices, ω is a vector 
defined by 

ω=PT
1 ξ + PT

2 ξ̇ (44)  

In which ξ = e − em, and ξ̇ = ė − ėm. P1 and P2 are the submatrices of a 
symmetric 6*6 positive matrix 

P=

[
P0 P1
P1 P1

]

(45)  

which satisfies the following Lyapunov equation 

PMx +MT
x P = − Q (46)  

with Q being a positive definite matrix. Note that the stability of the 
proposed adaptive law and the boundedness of the contact wrench error 
are proved using Lyapunov theory in Ref. [30]. Therefore, applying this 
adaptive impedance control to each SGP interacting with the torso im-
proves the impedance control performance in terms of position tracking 
error, reference impedance model tracking, and boundedness of the 

contact wrench error. Finally, it is concluded that the interaction be-
tween the patient’s torso and the exoskeleton can be improved to be 
more convenient and safe. 

5. Numerical simulations and experiments 

The numerical simulations and experiments are summarized in 
Fig. 6. Note that the numerical simulations and experiments are carried 
out on the second SGP in this preliminary work. A comparison between 
ADAMS and MATLAB simulations is used to verify the proposed robotic 
rehabilitation modeling. The dynamics formulation described in Eqs. 
(1)–(18) is simulated using MATLAB. The multibody model of the sec-
ond SGP is created in ADAMS by importing the SolidWorks model of the 
second SGP into ADAMS, and the mass-spring- damper model of the 
specified segment of the torso is added to the ADAMS model of the 
second SGP. Implementing the inverse dynamics in ADAMS and MAT-
LAB, the required actuator forces in ADAMS and MATLAB are compared 
to verify the dynamics formulation. Then the numerical MATLAB sim-
ulations and real-time experiments are conducted to verify and validate 
the MRAIC performance compared to the IC in terms of position 
tracking, reference impedance model tracking, and boundedness of the 
contact force error. 

5.1. Evaluation of the dynamic formulation 

The dynamics formulation of the second SGP and the mass-spring- 
damper model of the thoracic segment at the T7 level are verified by 
comparing the ADAMS and MATLAB numerical simulation results. The 
SolidWorks model of the second SGP is exported into ADAMS, and the 
model’s geometry parameters presented in Table 1 are extracted from 
the ADAMS model. These geometry parameters are applied to the 
MATLAB model of the second SGP. Since the desired motion of the 

Fig. 6. Methods for the numerical simulations and experiments.  

Table 1 
The geometric and inertial data of the second SGP used in the simulations and experiments.  

Parameter Value 

Aai (meter) 
⎡

⎣
0.21201 − 0.0638 − 0.0883
0.07469 0.2349 0.2108
0.02263 − 0.01075 − 0.00455

− 0.0883 − 0.0638 0.21201
− 0.2108 − 0.2349 − 0.07469
− 0.00455 − 0.01075 0.02263

⎤

⎦

Bbi (meter) 
⎡

⎣
0.15015 0.10886 − 0.18348
0.18692 0.2077 0.13698
0.01287 0.01059 − 0.0135

− 0.18348 0.10886 0.15015
− 0.13698 − 0.2077 − 0.18692
− 0.0135 0.01059 0.01287

⎤

⎦

mP (kg) 0.905 
IP (kg* m2) 

⎡

⎣
1.045*10− 4 0 0
0 4.96*10− 5 0
0 0 1.442*10− 4

⎤

⎦

mi1 (kg) 0.0475 
mi2 (kg) 0.0475 
ci1 (meter) 0.035 
ci2 (meter) 0.035 
Ic1 (kg* m2) 

⎡

⎣
1.0323*10− 5 0 0
0 1.0323*10− 5 0
0 0 0

⎤

⎦

Ic2 (kg* m2) 
⎡

⎣
2.097*10− 5 0 0
0 2.452*10− 5 0
0 0 0

⎤

⎦
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moving platform is assumed to be in the sagittal plane along the –x di-
rection, one equivalent mass-spring-damper system in the sagittal plane 
is added to the ADAMS model of the second SGP. Note that the springs 
are fixed at the origin of the frame {B} and the spring-damper is tilted 
with the same angle as the moving platform of the second SGP. 

The stiffness coefficient of the spring is also taken from the three- 
dimensional stiffness matrix of healthy subjects presented in Ref. [26]. 
In Ref. [26], eight healthy subjects and two subjects with spine defor-
mity have participated in a study to derive the three-dimensional stiff-
ness matrix of their torso. A robotic spine exoskeleton named RoSE 
applied six unidirectional displacements in each DOF on the thor-
acolumbar and thoracic region of the torso while simultaneously 
measuring the forces and moments. According to the stiffness matrix 
presented in Ref. [26], the stiffness coefficient of the spring in the 
ADAMS model is obtained kmodel = 3866.5 N/m. The damping coeffi-
cient of the model is 100 N.s/m, and the mass of the proposed model is 
also assumed to be 0.27 kg. 

The desired motion of the moving platform of the second SGP is 
assumed to be 2 cm displacement in the − x direction, and the desired 
trajectory is considered to be a cubic polynomial as follows 

q(t)= q0 + 3
(
qf − q0

)
t2 − 2

(
qf − q0

)
t3 = q0 + 0.15t2 − 0.1t3, 0< t< 1 (47)  

In which q0 = [− 0.0653 0.0025 0.1168 0.0221 0.1819 − 0.0495]T 

denote the initial pose and qf = [− 0.0853 0.0025 0.1168 0.0221 
0.1819 − 0.0495]T represent the final pose of the moving platform in 
terms of meter and rad/s. The moving platform of the second SGP goes 
from the initial pose q0 to the final pose qf and then comes back from qf 

to q0. Since the inverse dynamics simulation in ADAMS is carried out in 
the joint space, the limb acceleration data is also obtained using inverse 
kinematics simulations in ADAMS and MATLAB. Then, the limb accel-
eration data is applied to the prismatic joints in ADAMS as Splines, and 
the actuator forces in ADAMS are compared with the actuator forces in 
MATLAB. The actuator forces in ADAMS and MATLAB are presented in 
Fig. 7. It is seen that the error for the second and fifth actuator forces are 
too close to zero, although there is almost 1 N error in the other actuator 
forces. The line of action of each actuator and the type of the desired 

motion are the reasons that cause these differences. According to the 
orientation of each actuator of the second SGP, seen in Fig. 3, and 
considering that the desired motion is in the –x direction, it is concluded 
that the interaction caused by this desired motion affects the first, sixth, 
third, and fourth actuators more than the second and fifth actuators. 

5.2. Evaluation of the proposed controller 

The numerical MATLAB simulations and real-time experiments are 
carried out to verify and validate the performance of the MRAIC in 
comparison with the IC in terms of position tracking, reference imped-
ance model tracking, and boundedness of the contact force error. The 
Kalman filter is used to estimate the impedance parameters to investi-
gate whether the desired impedance model is reached. The estimated 
impedance parameters of the MRAIC are also compared with the 
impedance parameters of the reference model to evaluate the perfor-
mance of the MRAIC in terms of reference impedance model tracking. 

5.2.1. MATLAB simulations for verifying the MRAIC 
Two numerical MATLAB simulations are carried out to verify the 

MRAIC. First, the performance of the IC and MRAIC are evaluated in 
terms of position tracking and tracking the reference impedance model. 
The sensitivity of the proposed controllers to the initial pose q0 and 
moving length is evaluated in the second simulation. In the first simu-
lation, the desired motion of the moving platform of the second SGP χd is 
considered a cubic trajectory presented in Eq. (47) with − 10 mm, −
20 mm, and 10 mm displacements along the x, y, and z directions, 
respectively. The robot moves to the final position in 1 s, and there is no 
motion at the last second of the simulation time. Besides, it is assumed 
that an object is placed within the robot’s workspace to have a planar 
contact surface with the moving platform [28]. The planar contact 
surface is modeled by a plane passing through a point denoted by xl =

[xl yl zl] and normal to a vector nl = [nx ny nz]. In this simulation, xl = [ −

0.0693 − 0.00650.1208], meaning that the plane is − 4 mm, − 8 mm, 
and 4 mm in the x, y, and z directions away from the origin of the moving 
frame {B}, and nl = [ − 0.001 − 0.002 0.001], meaning that the normal 
vector of the contact plane has the same direction as the desired motion 

Fig. 7. The actuator forces in ADAMS and MATLAB required for moving the upper ring of the second SGP 2 cm in the − x direction, while the mass-spring-damper 
model of the torso at the T7 level is interacting with the moving ring. 
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of the moving platform. Therefore, the collision happens at about 0.46 s. 
The disturbance wrench applied to the moving platform is considered 
zero, a 30% perturbation in all kinematics and inertial parameters is 
considered, and the measurement noises of the pose and velocity of the 
moving platform are noiseχ = 10− 6*[1; 1; 1; 0.0175; 0.0175; 0.0175]* 
rand and noiseχ̇ = 10− 6*[1; 1; 1; 1; 1; 1]*rand. The measurement noise 
of the contact wrench is noiseF e = [1; 1; 0; 1; 1; 1]*rand. The desired 
impedance matrices in the simulation of the IC are considered to be 
Md = 2*I6*6, Cd = 400*I6*6, and Kd = 40000*I6*6 and the parameters of 
the reference impedance model of the MRAIC are Am = 200* I6*6 and 
Bm = diag([21933, 21553, 22481, 20022, 20041, 20025]), where Am 
and Bm are computed by substituting the abovementioned desired 
impedance matrices Md, Cd, and Kd into Eq. (34). Therefore, the same 
desired impedance parameters for both IC and MRAIC are used to have a 
reasonable comparison of the performance of both methods. The stiff-
ness coefficient of the environment is derived based on the stiffness 
matrix of a healthy person in Ref. [26] as Ke = diag([3866.5; 3106.9;

4961.3; 44.15, 81.44, 50.66]). The initial condition of the reference 
error is em(0) = 0.00005*I6*1, ėm(0) = 06*1 and the initial values for the 
parameters of the reference model are Â(0) = 400*I6*6, B̂(0) =

40000*I6*6, and ĉ(0) = [ − 0.5; − 0.2; 0.2; 0;0; 0]. The other parame-
ters are assumed Qa = Qb = Qc = 1*I6*6 and P1 = P2 = 0.001*I6*6. 

The position and orientation of the moving platform of both methods 
are illustrated in Fig. 8. It is seen that the tracking performance in both 
IC and MRAIC are the same before the collision occurs at t = 0.46 s. 
After the collision, the position tracking of the MRAIC is better than that 
of the IC, and the moving platform tracks the desired trajectory in the 
MRAIC with less error than when the IC is implemented. In addition, it is 
also indicated that the MRAIC has smother position tracking than the IC, 
i.e., in contrast to the IC, the position tracking errors of the MRAIC are 
not changing before and after the collision. Note that the incomplete 
gravity compensation causes the position tracking error in the z direc-
tion becomes more than that in the x and y directions. It should also be 
mentioned that as no desired rotational motion is considered in the 

Fig. 8. Position and orientation tracking of the IC and the MRAIC. The desired motion is − 10, − 20, and 10 mm along the x, y, and z directions.  

Fig. 9. Actuator forces: Impedance Control (IC) and MRAIC.  
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simulation, the orientation tracking error of both IC and MRAIC is not 
changing. 

The actuator forces τ and the interaction wrench F e for both IC and 
MRAIC are shown in Figs. 9 and 10. As expected, the actuator forces are 
smooth before the collision, and the contact wrench is zero. At the 
moment of the collision, there are sudden changes in τ and F e that the 
amount of the sudden changes in the contact wrench (F e) is less than 
the actuator forces (τ), i.e., the human torso does not feel the sudden 
changes in the forces produced by the interaction. After the collision, all 
forces change exponentially till t = 1 s and become constant in the 
period t = 1 s to t = 2s because there is no motion in this simulation 
period. 

In addition, the steady-state value of the actuator forces and the 
contact wrench in both controllers are in the same range, although the 
motion tracking error of the MRAIC is too less than that of the IC, as 
stated in the previous paragraph. Note that the range of the forces in the 
MRAIC can be less than that of the IC by tuning the initial estimation of 
the reference model parameters Â(0), B̂(0), and ĉ(0) at the cost of 

slightly increased motion tracking error, although the motion tracking 
error of the MRAIC is still less than that of the typical IC. 

It is also investigated to see if the reference impedance model is 
reached. To this purpose, the actual impedance parameters Md, Cd, and 
Kd of the IC are estimated by Kalman filter, using the measurements of 
the contact wrench and the motion tracking error. In the MRAIC, the 
actual position tracking error e is compared with the reference position 
tracking error em, and the estimated parameters of the reference 
impedance model Â and B̂ are compared with the desired parameters of 
the reference impedance model Am and Bm. Note that Â and B̂ are 
estimated by the adaption law derived in the MRAIC. Fig. 11 illustrates 
the Kalman filter estimation of the impedance parameters of the IC. In 
comparison to the desired impedance parameters, it is seen that the 
desired impedance parameters are not precisely reached. The dynamics 
model uncertainties, the geometry perturbances, and the measurement 
noises may cause the desired impedance model is not reached. Fig. 12 
shows the actual and the reference position and orientation tracking 
error e and em. It is indicated that the maximum error between e and em 

Fig. 10. Contact wrench: Impedance Control (IC) and MRAIC.  

Fig. 11. Kalman estimation of the impedance parameters to investigate the reference impedance tracking (IC).  
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in the x, y, and z directions are in the range of 0.02 mm, 0.015 mm, and 
0.22 mm, respectively. The orientation tracking errors are also less than 
0.001◦ . Therefore, it is concluded that the reference impedance model is 
tracked better using MRAIC rather than IC. The estimated and actual 
values of the reference model parameters Am, Â and Bm, B̂ are illustrated 
in Fig. 13 and Fig. 14, respectively. Note that in Fig. 14 Bm and B̂ are 
divided by 10000 to be feasible and comparable. It is observed that the 
estimated parameters of the reference impedance model are too close to 
the desired parameters, ignoring too small error of estimating Bm in the z 
direction. Therefore, tracking the reference impedance model in the 
MRAIC is much better than that of the IC. 

In the second simulation, the sensitivity of the MRAIC to the initial 
pose and the moving length of the desired trajectory is investigated in 
terms of position tracking. The desired motion of the second SGP is 
assumed to be a cubic trajectory so that the moving platform moves from 
the initial position q0 = [− 0.06530.00250.11680.0221 0.1819 −

0.0495]T to the final position with − 20 mm, − 30 mm, and 15mm dis-
placements along the x, y, and z directions for the period t = 0s to t = 1s 
and comes back to the initial position till t = 2s. The contact plane, the 
measurement noises, and the control parameters for both IC and MRAIC 
are the same as in the previous simulation. The position and orientation 
of the moving platform of both methods are illustrated in Fig. 15. It is 

Fig. 12. The reference error em and the actual error e to investigate the reference impedance model tracking (MRAIC).  

Fig. 13. Comparing Am and its estimation Â to investigate the reference impedance tracking (MRAIC).  
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seen that the MRAIC has less position tracking error than the IC. 
Therefore, the performance of the MRAIC is not sensitive to the moving 
length and initial pose of the robot. Note that the moving length along 
the x, y, and z directions are different from the first simulation, and the 
robot’s initial position for the period t = 1s to t = 2s is also different 
from the previous simulation. 

5.2.2. Real-time experiments for validating the MRAIC 
Real-time experiments are conducted to validate the performance of 

the MRAIC by comparing its performance with the IC in terms of posi-
tion tracking in the presence of interaction and the ability to track the 
reference impedance model. The experimental setup, described in sec-
tion 2, is used to implement the impedance control and MRAIC on the 
developed robotic spine exoskeleton. A wooden test rig attached to the 
base by two springs and six pieces of wood connected to the moving 
rings in the location of the force sensors are used to mimic the torso, and 
a piece of foam placed at the interaction points is utilized to mimic the 
skin and underlying tissues of a human. The test rig and the manipulator 

Fig. 14. Comparing Bm and its estimation B̂ to investigate the reference impedance tracking (MRAIC).  

Fig. 15. Position and orientation tracking of Impedance Control (IC) and MRAIC. The desired motion is − 20 mm, − 30 mm, and 15 mm along the x, y,
and z-directions. 
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are in contact at the FSR locations from the beginning of the test. Note 
that the proposed controllers are implemented only on the second SGP, 
but they can also be used separately for the first and third SGP. 

The geometric and inertial parameters of the second SGP are pre-
sented in Table 1. The desired impedance parameters for the impedance 
control are Md = 2, Cd = 1000, and Kd = 10000. To make the experi-
ments comparable, the reference impedance model parameters for the 
MRAIC approach Am and Bm are computed by substituting the desired 
impedance parameters for the impedance controller into Eq. (34). 
Therefore, the parameters of the reference impedance model for the 
MRAIC are Am = 50 and Bm = 100. The initial conditions of the refer-
ence error are em(0) = [5 5 5 5 5 5]T*10− 5 and ėm(0) = 06*1, and the 
initial values for the parameters of the reference model are Â(0) =

9000*I6*6, B̂(0) = 8000*I6*6, and ĉ(0) = [0.05; 0.02;0.05;0; 0;0]. The 

other parameters are Qa = Qb = Qc = 100*I6*6 and P1 = P2 =

0.001*I6*6. 
The desired movement is considered − 10 mm in the y direction, and 

the desired trajectory is assumed to be quintic polynomial [28]. Figs. 16 
and 17 represent the position and orientation tracking of the moving 
platform of the second SGP. In each plot, the blue line shows the desired 
position and orientation, the red and green represent the cases in which 
the IC and MRAIC are applied to the exoskeleton, respectively. It is seen 
that the MRAIC has a better position and orientation tracking than the 
IC, and in the MRAIC, the moving platform follows the desired trajectory 
more smoothly than the typical IC. Besides, Fig. 18 shows the actuator 
forces for both controllers IC and MRAIC. Comparing the red (MRAIC) 
and blue (IC) lines in Fig. 18, it is indicated that the interaction is more 
smooth using the MRAIC than using the IC. The amplitude of the actu-
ator forces in the MRAIC is also less than that of the IC. Therefore, the 

Fig. 16. Position tracking in real-time experiments: the desired motion is 10 mm in –y direction (IC, MRAIC).  

Fig. 17. Orientation tracking in real-time experiments: the desired motion is 10 mm in –y direction (IC, MRAIC).  
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MRAIC has better position tracking and interaction control performance 
than the IC. Regarding the reference model tracking in the MRAIC, the 
position tracking errors e and em are shown in Fig. 19. It is indicated that 
the actual position tracking error e is so close to the reference position 
tracking error em; therefore, the reference impedance model is reached 
properly using the MRAIC. 

6. Conclusion 

As the most common form of scoliosis, AIS can progress and form 
severe curvature in the spine that may affect respiratory functions, cause 
pressure on the spinal cord, and impair the quality of life. Despite the 

advancements in technologies, bracing as a common treatment of AIS 
has not been modernized yet, and its main limitations are static, passive, 
sensor-less design, no closed-loop control, and no interaction control. 
We developed a novel patient-specific robotic spine exoskeleton in the 
robotic lab at Aarhus University that can apply controlled forces to the 
human torso for a closed-loop AIS treatment while controlling the tor-
so’s motion. It consists of three SGPs and is equipped with 18 linear 
actuators, 18 built-in position sensors, and 18 force sensors. In order to 
propose a robotic treatment for AIS, the dynamics formulation of each 
SGP and the mass-spring-damper model of the thoracic segment are 
combined. Then, the inverse dynamics problem is solved to compute the 
actuator forces required for restoring the spine curvature. The numerical 

Fig. 18. Actuator forces in the real-time experiments: the desired motion is 10 mm in the –y direction (IC, MRAIC).  

Fig. 19. Comparing the actual and reference position tracking error e, and em to evaluate the reference impedance tracking in the real-time experiments of 
the MRAIC. 
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ADAMS and MATLAB simulations are utilized to verify the interaction 
dynamics formulation. 

Instead of using position or force control, the interaction control is 
proposed to provide the required actuator forces for spine curvature 
correction and improve the patient’s safety. As a common solution for 
interaction control, the impedance control is derived for the robotic 
spine exoskeleton. A model reference adaptive impedance control 
strategy is also proposed to compensate for the negative effects of the 
uncertainties in the dynamics model of the exoskeleton and the torso. 
The numerical MATLAB simulations and real-time experiments are 
carried out to verify and validate the better performance of the model 
reference adaptive impedance control than the impedance control in 
terms of position tracking error in the presence of interaction and 
tracking the reference impedance model. 

Although a robotic closed-loop rehabilitation for AIS is proposed in 
this preliminary research, further improvements are needed to 
modernize the conservative treatment of AIS. Identification and 
modeling of the mechanical behavior of the bracing treatment can be 
further improved using learning-based methods. Since the mechanical 
behavior of the human torso is not constant, the learning-based variable 
impedance control can be used for variable interaction control of the 
bracing treatment. Finally, the actuation and sensory system of the 
developed robotic spine exoskeleton can be improved to make the robot 
more accurate and safe for the patient to use. 
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