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A Series-elastic Robot for Back-pain Rehabilitation
ElHussein Shata, Kim-Doang Nguyen* � , Praneel Acharya, and Jeffrey Doom

Abstract: This paper addresses the robot-assisted rehabilitation of back pain, an epidemic health problem affecting
a large portion of the population. The design is composed of two springs in series connected to an end-effector via
a pair of antagonistic cables. The spring and cable arrangement forms an elastic coupling from the actuator to the
output shaft. An input-output torque model of the series-elastic mechanism is established and studied numerically.
The study also illustrates the variation of the mechanism’s effective stiffness by changing the springs’ position.
In addition, we built a prototype of the robotic mechanism and design experiments with a robotic manipulator
to experimentally investigate its dynamic characteristics. The experimental results confirm the predicted elasticity
between the input motion and the output torque at the end-effector. We also observe an agreement between the data
generated by the torque model and data collected from the experiments. An experiment with a full-scale robot and
a human subject is carried out to investigate the human-robot interaction and the mechanism behavior.
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1. INTRODUCTION

1.1. Background on back-pain

Back pain is one of the most epidemical health prob-
lems [1]. Up to 80% of all people suffer from this spinal
musculoskeletal disorder (SMD) at some point in life
[2]. Back pain affects different parts of the body includ-
ing shoulders, neck and especially upper and lower back.
Among these, low back pain, also known as lumbago [3],
is one of the most common syndromes that occur at vari-
ous ages. It is a major cause for disability, also the second
leading cause of activity limitation and sick leave through-
out the world [4]. One common cause leading to lower
back pain is due to activities involving carrying heavy
loads. In such cases, the connective fibers of ligaments
and tendons can begin to adhere to each other and lose
resilience and may also tear down when a sudden over-
load occurs. Since muscles are in constant communication
with the central nervous system [5], ongoing tension pre-
vents normal muscle functions and lead to muscle spasms
and further stability problems, which in turn can lead to
chronic lower back pain and disability [6].

Recovery from back pain is slow and uncertain [7]. A
recent study in [1] reported that about 60−70% of patients
recover within 6 weeks, and 80− 90% recuperate within
12 weeks with some help of rehabilitative therapy. How-
ever, after 12 weeks, back pain becomes chronic and leads

to periods of intense pain, significant physical limitations,
and activity impairment. Those who do not recover by 12
weeks account for up to 90% of total expenses related to
this health-care problem. For example, the expenses ex-
ceed $90 billion/year in the U.S. [8], $8.1 billion/year in
Canada [9], and $9.17 billion/year in Australia [10].

The correlation between SMDs and motor control has
been widely reported [11]. Rehabilitative therapy for the
spine is essential for back-pain patients to regain their
spinal mobility. Structured and repetitive exercises that re-
sult in bodily movement and energy expenditure by acti-
vation of skeletal muscles has proved to be effective for
the recovery of functional spinal motor skills [12]. For in-
stance, sit-up exercises, knee extension, cat-stretch, and
aerobics would assist in back-pain recovery [13]. How-
ever, patients who are subjected to back pain disorders
have challenges and difficulties in performing these tasks.

Current rehabilitative techniques for back pain require
intensive, subjective assessment of motor function, and
therapeutic procedures supervised by a team of phys-
iotherapists [14]. In addition, the current practice lacks
quantification in instructing patients as well as in the mon-
itoring of rehabilitative progress. This hinders the design
of the therapeutic procedures that fit patient characteristics
and the prediction of therapy success. Finally, rehabilita-
tion programs for back pain patients are excessively costly
and are restricted to hospital environments.
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Robot-assisted rehabilitation therapy is an emerging ap-
proach for musculoskeletal disorder treatment after neu-
rologic injuries such as stroke and spinal cord injury.
Robotic devices can help patients achieve the intensive,
repetitive practice needed to stimulate neural recovery, re-
duce the need for supervision, and improve cost-benefit
profiles [15]. Most recent research focuses on robotic as-
sistive devices for the recovery of functional upper and
lower limbs [16]. The few existing robotic systems for
back-pain rehabilitation (see [17], for example) tend to
override the user’s motion. They are designed with rigid
links and joints and do not account for the neuromotor de-
lays in the musculoskeletal systems [18]. In this paper, we
bridge these gaps in rehabilitation robotics by:

• Designing a bio-assistive device that assists in the re-
habilitation of back pain patients.

• Ensuring the elasticity of the system to accommodate
unintentional movements from the patient.

• Varying the stiffness of the mechanism when desired
to achieve the required resistance.

• Validating the proposed design through experiments
with a full-scale robot and a human subject.

The compliant actuator that drives the device works by
restoring a desired position and creating an adjusted resis-
tance accordingly. This movement, with the assistance of
the mechanism, will help increase the strength in the mus-
cles that function to stabilize or mobilize the spinal col-
umn. The device will offer the amount of motor practice
needed to relearn spinal motor skills with less therapist as-
sistance. In addition, the compliant design of the robotic
rehabilitator will guarantee safe interactions between a pa-
tient and the robot during a rehabilitative session due to the
elastic component that is integrated in the design. This de-
vice will be one of the very few robotic systems that assist
in the recovery of patients with severe back.

1.2. Background on elastic actuators
Robotic rehabilitators are essentially mechanical

structure-based devices built for physical rehabilitation.
Since these robots are designed to share a common space
and proximity to participants, the users’ safety is a major
concern. In addition, the rehabilitative mechanism used
must accommodate for any uncontrollable or involuntary
movements produced by patients due to musculoskeletal
disorders. To address these concerns, adding compliant
elements to traditional rigid link-joint mechanisms has
proved to be an efficient way to inherently reduce the risk
of accidents in human-robot interactions and minimize
the effect of high-frequency involuntary movements [19].

In general, series-elastic actuators (SEA) can be cate-
gorized into three types depending on the springs’ config-
urations (see Fig. 1 ):
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Fig. 1. Three configurations of a series-elastic actuator: (a)
RFSEA, (b) TFSEA, and (c) FSEA.

• Reaction Force Sensing Series Elastic Actuator (RF-
SEA) - where the spring is positioned before or after
the motor, for example, the mechanism in [20],

• Transmitted Force Sensing Series Elastic Actuator
(TFSEA) - the spring is positioned between the gear-
boxes, for example, the mechanism in [21],

• Force-sensing Series Elastic Actuator (FSEA) - the
spring is positioned after the force transmission and
before the applied load, for example, the one in [23].

There are many variable stiffness actuators that are tan-
gential to the above three categories of elastic actuators.
For instance, via a special arrangement of springs, a belt,
and two motors, work in [19] shows that it is possible to
vary the effective stiffness and impedance properties of the
elastic actuators. Another example is the hybrid variable
stiffness actuator in [24], which is based on the adjustable
moment-arm principle. The mechanism can switch be-
tween a rigid mode, in which it works like a traditional
rigid joint, and an elastic mode with a wide range of stiff-
ness depending on the length of the moment arm. Sim-
ilarly in [25] that is a Rotary Flexible Joint that can be
used in many applications. The Mechanically Adjustable
Compliance and Controllable Equilibrium Position Actu-
ator (MACCEPA) [36] was originally designed for a biped
robot. It is then adopted for many other legged robots.
This work develops a clever procedure for establishing the
torque model, which is leveraged in our paper to establish
our own force model.

Through the brief review above, there have been many
phenomenal design innovations that facilitate elastic cou-
plings in actuation systems. However, these design prin-
ciples have been mostly applied to enable the locomotion
of legged robots and rehabilitation robots for limbs. They
have not been used to design a rehabilitation robot for the
recovery of back pain. Motivated by this, this paper de-
velops a series-elastic actuating mechanism for back-pain
physical rehabilitation.

The rest of this paper is organized as follows: Section 2
describes the bio-inspired design of the mechanism in-
cluding the requirements, working principle, and a CAD
model for the proposed mechanism. In Section 3, we con-
struct a torque model of the mechanism and show that the
mechanism is capable of varying its effective stiffness by



1056 ElHussein Shata, Kim-Doang Nguyen, Praneel Acharya, and Jeffrey Doom

adjusting the positions of the springs. We discuss the ef-
fects of each parameter in the elastic actuation system.
In Section 4, a small-scale prototype of the mechanism is
fabricated and presented. In this section, we also discuss
the experimental set-up and analyze the experimental re-
sults that validate the theoretical torque model. Section 5
discusses the experimental results with a full-size robot as-
sisting a human subject in a set-up exercise. Finally, Sec-
tion 6 gives several concluding remarks.

2. DESIGN

2.1. Design requirements specification
In designing a rehabilitation robot, clinical acceptance

relies on the added value in offering features or functions
difficult to achieve with conventional therapy [26]. Fea-
tures such as exact repetitive movements, adjustable resis-
tance, and movement sensing capabilities would theoret-
ically increase clinical acceptance [27]. The systems on
the market are large, expensive, not portable and intended
only for clinic use with therapy staff present. Additionally,
the cost includes system maintenance and training [28].

During a rehabilitation session, a patient is an integral
part of the robotic mechanism where the robot senses the
command motion of the patient and provides assistance
in terms of effort [29]. This helps the patient complete an
exercise to promote their active movement and improve
the motor function recovery. The main requirement in the
development of such a robotic rehabilitator is that safe in-
teractions between a human user and the bio-assistive de-
vice must be absolutely ensured [30]. This challenge is the
fundamental motivation for the robot design in this paper.

In gym equipment, elastic coupling belts are commonly
used, likewise in rehabilitation of human arms [31], which
partially absorb unintentional or instinctive actions pro-
duced by users and reduce injury risk to users. Inspired
by this, our design is based on a cable-driven elastic cou-
pling between an actuator and an end-effector that interact
with a user. An elastic coupling actuator with adaptable
compliance can be modeled as spring driven by a cable of
which both the force in the cable and the position of the
springs can be controlled separately. Furthermore, one of
the requirements for the proposed design is that the torque
applied on the springs should be zero when there is no
spring displacement, and the torque should be symmet-
rical around the equilibrium position. In the design, the
springs can gradually manipulate their position to change
the formed stiffness as needed to meet the necessity of the
patient, therefore the control of the equilibrium position
and the compliance is completely independent. The mech-
anism should be simple, easy to use and control. Simplic-
ity results mostly in sturdiness and low-cost designs.

2.2. Design principles
Exercise therapy is a management strategy that is wide-

ly used in low-back pain. It encompasses a diverse group
of involvements ranging from general physical fitness or
aerobic exercises to muscle strengthening. Repetitive ex-
ercises have proven to be an effective method for back
pain treatment [34]. Partial crunches, for instance, can
help strengthen the muscles around the spine, therefore,
reinforce the back [35]. However, patients with chronic
back pain would have challenges performing these ex-
ercises without assistance. Also, sit-up exercises require
assistance for back pain patients to accomplish. Various
types of flexibility and stretching exercises that can treat
lumbago patients, but they require a helping hand and lack
the assistance element. Current assistive systems used in
physiotherapy clinics such as Isostation B200 [37] or other
exercise devices such as [38] lack the ability to vary stiff-
ness. Therefore, there is a need for a therapeutic system
that can be designed to integrate robotics and mechatron-
ics to develop an intelligent responsive robotic system.
Such robots can provide a useful aid for the therapist in
performing repetitive tasks of the treatment program, and
in assisting the patient and the therapist to achieve pro-
gressive results.

Most of the rehabilitation devices do not accommodate
therapeutic resistance [32]. The few existing robotic sys-
tems for back-pain rehabilitation are designed with rigid
joints and tend to override the user’s motion [33]. To ad-
dress this gap, we design the robotic mechanism following
the principle of series-elastic actuation, in which the com-
pliant element’s stiffness is variable. Traditional actuation
systems are designed such that the interface between the
motor shaft and the payload is as stiff as possible, and is
usually a rigid coupling, like most industrial manipulators.
In contrast to rigid coupling actuators, a variable-stiffness
actuator is installed with an elastic interface between the
motor output and the payload.

Variable-stiffness actuators offer many advantages es-
pecially to a rehabilitation robot that physically interacts
with human users. Firstly, since the patient and the device
perform a therapeutic exercise for musculoskeletal recov-
ery in collaboration, low-stiffness joints, and low reflected
inertia reduce the risk of the robot hurting the participant.
In addition, variable impedance actuators offer better ac-
cessibility to haptic feedback, and therefore, may achieve
more accurate and stable force control. Moreover, the elas-
tic couplings partially absorb uncontrollable or involun-
tary movements often produced by patients with spinal
musculoskeletal disorders. The residual vibrations will be
actively isolated by the control algorithm of the rehabilita-
tor. This is important because we want the robotic system
to provide force and movement assistance that is as stable
as possible during operation.

2.3. Conceptual design
Fig. 2 shows the conceptual design of the back-pain re-

habilitation robot prototype. We use a crank-slider mecha-
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Fig. 2. CAD model of the proposed design.

nism to convert the motor’s rotation to a slider’s linear mo-
tion, which drives a carriage via a combination of springs
and dampers (spring box). Both slider and carriage are
constrained to only move horizontally. The motion of the
carriage then pulls an antagonistic pair of cables to rotate
the joint as shown in the kinematic diagram.

This design is inspired by the antagonistic pairs of
muscles found in many animals. The mechanism set-up
forms a compliant coupling between the motor shaft and
the joint, which guarantees safe human-robot interactions
when the patient and the device perform a therapeutic ex-
ercise for musculoskeletal recovery in collaboration. The
design offers accessibility to haptic feedback by measur-
ing the spring displacements, and therefore, may achieve

more accurate and stable force control. Furthermore, the
mechanism is so versatile that it is compatible with differ-
ent therapeutic exercises. In particular, Fig. 3 shows two
configurations with slightly different end-effector designs:
one for sit-up exercises and the other for knee extension
exercises, which are some of the most common exercises
for back-pain rehabilitation. As seen in both configura-
tions, two springs are installed in a box and are connected
in series to a shaft to enable elastic couplings in both di-
rections. The vertical position of the other two ends of the
springs can be adjusted to change the effective stiffness of
the elastic coupling. This adjustment to the spring posi-
tions is equivalent to changing B and E as seen in Fig. 4.
To ensure force transition, a cable is deployed and is con-
nected to each side of the spring box and can rotate around
two pulleys, one of which is idle and the other drive the
end-effector that interact with a user. The length of the
cable is always constant. Once the drive shaft H moves
horizontally with a velocity ẋ, it will result in an instanta-
neous displacement ∆x for Spring 1 and −∆x for Spring
2. As the spring box is designed to respond to the drive
shaft motion, it will only move horizontally, i.e. to the left
or to the right depending on the elastic force direction. As
a result, tension will be generated in one side of the cable,
generating an angular displacement of Pulley 1, and hence
of the end-effector that provides the assisting force for the
user. For instance, when the driving shaft moves to the
right, Spring 1 is extended and Spring 2 is compressed, the
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(a) Sit-up configuration.
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(b) Knee-extension configuration.

Fig. 3. The conceptual design of the proposed elastic coupling in two configurations.

Fig. 4. The spring box that facilitate variable stiffness by changing the position of the springs.
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bottom cable is under tension, and the end-effector is dis-
placed in the counterclockwise direction, and vice versa.

This design system accommodates the variation of the
effective stiffness of the elastic coupling from the torque
produced by the motor to the torque acting at the end-
effector that interacts with a user. This stiffness variability
enables a change in the level of physical assistance or re-
sistance to match individual users and their stage in back-
pain recovery. There is a torque model that governs the
relationship between the actuator’s motion and the output
torque acting on the user. In the next section, we will have
a deeper look into this torque model and the principle for
varying the effective stiffness of the proposed design.

3. TORQUE MODEL

As discussed earlier, the designed mechanism facil-
itates the capability of changing the geometry of the
spring arrangement, resulting in a variable stiffness actua-
tion mechanism. A zoomed-in illustrative diagram for the
spring box is shown in Fig. 4 that conceptually depicts
this idea. The fundamental hypothesis is that when the po-
sitions of the ends of the two spring are changed, the de-
pendence of the output torque at the end-effector and the
input motor’s motion will change accordingly. Therefore,
the resultant vertical positions of the springs will create
two new variables to control, theta (θ ) and alpha (α). This
will eventually result in an adjustable compliance output.
To validate this hypothesis, we will first establish a torque
model with the position of the springs being variables.

3.1. Nomenclature
All variables and parameters are defined as follows:

β = Angular displacement of Pulley 1
A and D = Hypotenuse displacement of Springs 1 and 2
B and E = Opposite displacement of Springs 1 and 2
C and F = Adjacent displacement of Spring 1 and 2
θ and α= Angular displacement of Spring 1 and 2
G = Total length of the Spring Box
H = Driving shaft’s thickness
Fin = Initial spring force of Spring n
Tf = Total frictional torque
Li0 = Natural length of Spring i
k = Spring stiffness
∆x = Linear displacement of the spring
r = Pulley radius
Ti = Torque generated due to Spring i
T = Total torque generated

3.2. Derivation
We will first analyze the force model of Spring 1 and

that of Spring 2 will follow accordingly due to the symme-
try of the spring box which is shown in Fig. 4. The torque
produced at the shaft of Pulley 1 (the end-effector) is the

total torque of the system due to the net displacement of
both springs. We consider the input of the torque model
to be the spring displacement ∆x, and the output to be the
torque T generated on the rotating joint (the driving shaft).
At initial position of Spring 1, θ = 0o and ∆x = C−L10.
Applying Hooke’s law, the elastic force of Spring 1 at ini-
tial configuration can be obtained as follows:

Fi1 = k(C−L10). (1)

Indeed, this is the equation governing a linear force re-
lationship of a traditional series-elastic actuation mecha-
nism, in which the stiffness is exactly k.

At an arbitrary position θ , we have ∆x = A− L10 =√
C2 +B2−L10. It follows that the spring force can be ob-

tained as

F1 = k(
√

C2 +B2−L10). (2)

This elastic force due to Spring 1 at an arbitrary configu-
ration can be expressed into two components: one acting
horizontally and the other acting vertically to the spring
box. The horizontal component is simply F1x = F1 cos(θ),
which is transmitted along the cable and acts on the end-
effector causing the following torque:

T1 = rkC(1− L10√
C2 +B2

). (3)

As mentioned earlier, the effect of Spring 2 can be ob-
tained following a similar approach for Spring 1. Thus,
accounting for the effect of both springs, and assuming Tf

is the total frictional torque along the components’ move-
ments, we obtain the total torque:

T = rk[C(1− L10√
C2+B2

)−F(1− L20√
F2+E2

)]−Tf ,

(4)

where F = G−H −C. Equation (4) is the torque model
that governs the torque produced by the mechanism at the
end-effector in response to a displacement C and F (but
these are dependent) of the springs produced by the mo-
tor’s input motion. The effective stuffness of the elastic
coupling can be varied by adjusting B and E as shown in
the equation. While this model is nonlinear in C and F , it
recovers the linear form in (1) when B = E = 0.

3.3. Influence of design variables
In this section, the influence of design variables will

be investigated and simulated. To better study the mech-
anism, the variables k, G, L10 and L20 are chosen during
the design and are fixed during normal operation. We set
B= E for simplicity and change their values after each ex-
periment. We aim to illustrate that by changing B and E,
we are able to obtain different effective stiffness, there-
fore variable-stiffness property of the proposed design.
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Fig. 5. Dependence of the output torque on the spring dis-
placement for different positions of the springs.

The natural length of both springs (L10 and L20) is 8 cm. In
each experiment, we vary the spring displacement C and
employ the torque model in (4) to calculate the torque.
The results from these numerical experiments are shown
in Fig. 5. We can see from these figures that the effect of
the spring position is evident. When B = E = 0, the model
produce a straight line corresponding to a linear torque
relationship in traditional series-elastic actuators as dis-
cussed earlier. When B and E are increased, the model
displays clear nonlinearity proportionally. This variation
confirms our hypothesis stated earlier.

The dependence of the torque on the spring displace-
ment is depicted in Fig. 5. For every curve, since when
C = 8 cm, the springs are at their natural length, the mech-
anism produces no torque. When C ∈ [2,8), Spring 1 is
compressed while Spring 2 is extended. The torque is
acting in the clockwise direction, and hence is negative.
Pulley 1 along with the end-effector are moving in the
clockwise direction. The opposite trend is observed when
C ∈ (8,16]. It is worth noting that the torque model de-
rived in (4) not only depends on the spring displacements
C and F as shown explicitly, it is also a function of the
angular displacement of the springs, α and θ , implicitly.

In order to validate the properties discussed in Sec-
tion 3, we built a prototype of this series-elastic actuation
mechanism in a back-pain rehabilitation robot and analyze
the experimental results in the following section.

4. EXPERIMENT
Fig. 6 shows the prototype of the series-elastic actuation

mechanism for a back-pain rehabilitation robot. Initially,
we design this prototype to test the validity of the mecha-
nism. The frame used to serve as our main plane is made
from wood and has dimensions of 81 cm wide and 31.75
cm tall. The motor’s maximum speed is 35 RPM. The car-
riage (spring box) is 17.78 cm long and 3 cm wide. The
springs used are 1.8 cm diameter and 8 cm long. The ver-
tical link that is driving the springs is 12 cm tall and 2 cm
wide. Moreover, the idle pulley on the right is 7.32 cm in
diameter, and the driving pulley on the left is 10 cm in

Fig. 6. Experimental setup with the fabricated prototype
of the series-elastic mechanism for back-pain re-
habilitation and a robotic manipulator.

diameter. The total length of the cable is 132 cm and the
driving shaft is 2 cm in diameter.

A linear actuator is designed with a crank driven by a
programmable DC motor. The crank’s rotary motion is
transmitted to a slider via a coupler link and two revo-
lute joints. The slider’s linear motion is supported by lin-
ear bearings and drive the motion of a vertical shaft. The
other end of the shaft is mounted to two springs each of
which is on one side as shown. The other ends of the two
spring are connected to a 3D printed box’s walls. The en-
tire spring box is supported by another set of linear bear-
ings, that constrains the box to move along the horizontal
direction. The outsides of the spring box’s walls are at-
tached to two polymer cables, whose ends are mounted to
the pulley. The cable drives the end-effector that interact
with a user. The end-effector is the back-rest pad for sit-up
exercises or it can be the leg-rest pad for knee-extension
exercises. The cables’ tension is maintained by three idle
pulleys, each of which is supported by a shaft inserted into
a bearing flange mounted to the wooden support frame.
Each cable pulls the output pulley in an opposite direction,
for example, if the top cable is pulling, the end-effector ro-
tate in the clockwise direction, while if the bottom cable
is pulling, the end-effector rotates in the counterclockwise
direction. The range of motion of the slider in the linear
actuator is 2rcrank. We want the range of motion of the end-
effector to be 90◦, which is equivalent to the cable range
(i.e. circumference) of (1/4)2πrpulley. Therefore, the size
of the output pulley is designed as

rpulley = (4rcrank/π). (5)

The springs used in this design are compression springs
with a coil thickness of 1.05 mm, the total diameter of
18.26 mm, and the total length of 80 mm. For this initial
prototype, the compliance is fixed without changing the
angular position of the springs. To capture the motion of
the end-effector, an encoder is attached to the rotational
axis of the shaft that is driving the output pulley and the
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end-effector. The encoder is a Signswise’s incremental ro-
tary encoder with 600 pulses per revolution. A Microchip
ATMEGA 2560 microcontroller is used to program the
motor and record the analog angle information produced
from the rotary encoder. Through a serial communication
interface, the data are exchanged between the controller
and a computer for further analysis.

In the experiments, we validate the torque model estab-
lished in (4). This experiment focuses on examining the
linear elastic behavior of the mechanism and the output
torque due to various spring displacement. A seven axial
robotic manipulator is used to provide and measure the
precise displacements of the spring as shown in Fig. 6.
Moreover, the robot arm is embedded with force-torque
sensors in all of its joints so it facilitates the measure-
ments of the force applied onto its end-effector. The ma-
nipulator’s end-effector is attached to the cable to pull and
release the output pulley and therefore move the spring
box accordingly. The entire series-elastic actuation mech-
anism is clamped on a stationary table that is the base of
the manipulator.

Each experiment was divided into two segments. The
first segment was to tension Spring 1 while compressing
Spring 2. The manipulator pulled the output pulley in the
clockwise direction, and the spring box was moving hor-
izontally to the left. Spring 1 was tensioned up to 10 cm,
while Spring 2 was compressed to 6 cm. The second seg-
ment was to compress Spring 1 and tension Spring 2. The
manipulator was pulling the output pulley in the counter-
clockwise direction, and the spring box was moving hor-
izontally to the right. Spring 1 was compressed down to
6 cm, while Spring 2 was tensioned to 10 cm.

The experiment was done ten times. The displacement
for each spring was measured every 2 mm and the output
force required to move the mechanism this displacement
was obtained from the robot’s sensors and software. The
data was then filtered to include all the data points col-
lected that are between 6 cm to 10 cm. The spring stiffness
was also calibrated based on the same experiment.

Fig. 7 shows all the experimental data plotted for the ten
runs, along with the model data points computed using the
torque model derived in (4). In this figure, the back dashed
line indicates the data computed by the torque model in
(4), while other solid lines are data collected from the ten
experiments. The data are summarized in Fig. 7 that shows
the mean and standard deviations. From these data figures,
we can see that the torque produced by the theoretical
torque model is close to those measured from the experi-
ments both in terms of the trend and the mean values. The
small gap between the two sets of data stems from the fact
that the theoretical model does not take into account the
effect of friction, while the friction forces influence the
experimental data. In addition, the imperfect calibration
of the spring stiffness is another source for the mismatch
observed in these data figures.

Fig. 7. Experimental data: measured torque versus spring
displacement.

5. EXPERIMENTS WITH A HUMAN SUBJECT

To conduct an experiment of the proposed robot design
interacting with a human subject, a full-size robot was
built as shown in Fig. 8. These experiments aim to demon-
strate the interaction profile in terms of force acting from
the robot end-effector to the participant’s back. A matrix
of 14 force sensors, including 7 rows and 2 columns, was
mounted on the back-pad. A Signswise’s incremental ro-

Human 
Subject

Rotary 
Encoder

Spring Box 
(carriage)

Sprocket 
Gears

Force 
Sensors

Back-pad

Fig. 8. Experiment set-up with a full-size rehabilitation
robot and a human subject.
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tary encoder is attached to the output shaft that drives the
back-pad shown in Fig. 8 to measure the end-effector’s
angular motion. The force sensors and the encoder’s data
are both collected with a Microchip ATMEGA 2560 mi-
crocontroller. A Nema 34-step motor was used to actuate
the mechanism. The stepper motor can produce a torque
of up to 13 Nm (1841 oz-in) and is commanded by a dig-
ital stepping driver DM860I. The stepper motor and the
driver are both controlled by a Microchip ATMEGA 328P
microcontroller. The full-size rehabilitation robot has di-
mensions of 84× 56× 23 cm (width×height×depth). A
screw-shaft is used to convert the rotation of the motor to
the spring box’s linear motion. A system of sprocket gears
and chains is then used to transmit that motion into the
end-effector, resulting in the angular motion of the back-
pad which interacts with a human subject.

During the experiment, a human subject lays down on
the bench shown in Fig. 8 and performs a sit-up exercise.
The robot is moving accordingly with the subject provid-
ing additional support to complete the task. The robot is
programmed not to override the human motion, but pro-
vide force assistance as needed. The subject is 152 cm tall,
and 54 kg. The experiment was repeated ten times for sta-
tistical data and the sensory signals were collected.

Each row of the force sensors on the back pad was
added together to obtain the total amount of force occurred
in each row. During the experimental runs, row 1, 2, and
3 did not generate significant force signals since the hu-
man subject’s upper back does not touching the force sen-
sors. Sensor rows 4, 5, 6, and 7 recorded significant val-
ues which were captured and analyzed in Fig. 9. Due to

Fig. 9. Force vs Angle for the recorded by the encoder and
force sensors.

the nature of the sit-up exercises that lead to the bend-
ing of the upper back [39] leaving the spine semi-curved,
row 4 and 7 recorded the lowest force while row 5 and
6 recorded the highest in Fig. 9. During the experiments,
we observed that the interaction between the human back
and the robot’s end-effector abound the position of sensor
row 5 are not consistent, i.e. sometimes there is no contact.
That is the reason why the measurement vary significantly
as seen in Fig. 9. As the human subject come closer to their
knees, the central nervous system activates more muscles
to exert higher force for accomplishing the motion. There-
fore, as the angular position increases, the force required
to achieve that position also increases. These force mea-
surements demonstrate the amounts of effort contribute by
the robot to assist the human subject with the physical ex-
ercise.

6. CONCLUSION

We have discussed the design of a bio-assistive robotic
system that targets the physical rehabilitation of back-
pain, a musculoskeletal problem that imposes a huge
burden on societies and health care systems. The main
challenge in the development of a robotic rehabilitator
is the safe interactions between a human user and the
device since human is an integrated part of the cyber-
physical loop. To address this challenge, we design the
robot with the series-elastic actuation principle that facili-
tates an elastic coupling, instead of a rigid joint, between
an actuator and an end-effector that interacts with a user.
This allows the unwanted forces to be absorbed along the
compliant elements, and hence, is easier to regulate the
impedance of the mechanism. Furthermore, low-stiffness
joints and low reflected inertia reduce the risk of the robot
hurting the user, while stiffness can also be adjusted to
adapt to each patient’s recovery profile.

The fundamental hypothesis for the design is that the
end-effector produces an elastic force in response to the
motion of the input actuator. In addition, the effective stiff-
ness of the elastic coupling can be varied by adjusting the
position of the springs. In order to validate the hypothesis,
we established a torque model, built a prototype of the de-
sign, and perform numerical studies and experiments us-
ing the prototype and a robotic manipulator. The results
confirm the hypothesis and display agreement between the
data produced by the torque model and the data collected
from the experiments.

Moreover, we built a full scale model to study the
human behavioral interaction with the mechanism. The
mechanism aim is to assist the patient in performing the
required task while they are exerting 70-80 percentage
of their effort to accomplish the motion. It is observed
that the proposed mechanism assists the human subject to
achieve a desired position, which in return will strength
the spinal tendon.
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Future work will focus on the control aspects of the
robotic rehabilitator. In particular, we will consider the en-
tire robot as a control system with a human user in the loop
interacting with a variable-stiffness rehabilitation robot.
Such a control system is challenging to handle. To ad-
dress the challenge, we will look into advanced control
techniques, such as the fuzzy controllers for a limb ex-
oskeleton in [40] and the human-robot collaborative con-
troller in [41]. Another direction is to leverage our previ-
ous work [42–47] to develop adaptive controllers capable
of compensating for neuromotor delay in human-in-the-
loop systems, for which the back-pain rehabilitation robot
in this paper is a typical example.
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