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Low-back pain is a common affliction. Epidemiological analyses have reported that periodic cycles of lumbar flexion and rotation
are major risk factors for low-back pain. To prevent low-back pain, a lumbar-motion monitoring device could help diagnosticians
assess patients’ risk for low-back pain. This study proposes such a device that uses lightweight stretchable strain sensors. Six of
these strain sensors form a parallel-sensor mechanism that measures rotation angles of lumbar motion in three axes. The
parallel-sensor mechanism calculates rotation angles from the lengths of the strain sensors iteratively. Experimental results
reveal that the prototype device is effective for lumbar-motion measurement and significantly improves in terms of wearability

over comparable devices.

1. Introduction

Low-back pain (LBP) is a common affliction in contempo-
rary life. Globally, two-thirds of adults experience LBP to
the extent that treatment is required [1, 2]. Hoy et al.
reported that the point prevalence of LBP is as much as
10%, and the 1-month prevalence is over 20% [3]. LBP suf-
ferers often have difficulty maintaining healthy living habits
and steady work.

Although the prevalence of LBP is not limited to a partic-
ular job category, industrial workers, nurses, and healthcare
workers tend to experience a relatively high prevalence of
LBP [4-11]. These workers frequently use their back muscles
and spines in lumbar motions of flexion, rotation, and side
bending. With epidemiological analysis, Hoogendoorn et al.
revealed that periodic lumbar flexion and rotation is a major
risk factor for LBP [12]. Overall, LBP risk is assessed in terms
of accumulated lumbar motions and loads, and patients
can benefit from alerts of excess lumbar motions to prevent
the onset or worsening of LBP. Waters et al. estimated the

risk for LBP in manual lifting tasks with calculations [13].
Norman et al. assessed the risk for LBP in automotive indus-
tries using peak motion and cumulative lumbar motions as
risk factors [14]. These methods are difficult to compare with
each other, as they use different metrics for understanding
lumbar risk. A measurement system that can continuously
record time-series data during lumbar motions of flexion,
rotation, and side bending could provide comparable lumbar
data for a range of industries and subject groups.

To obtain time-series measurements of the pressure
between lumbar bones, Lisi et al. obtained in vivo measure-
ments with a load sensor inserted between lumbar vertebrae
[15]. Wilke et al. measured the pressure between lumbar
vertebrae during various motions such as lying, sitting,
walking, and lifting and verified the results of Nachemson’s
study using EMG signals [16, 17]. Although these sensors
directly provide the loads on lumbar vertebrae for various
motions, such an invasive procedure cannot be used to
continuously monitor movements for workers in practical
environments. For less-invasive applications, camera-based
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motion-capture systems are generally used to record human
motions. Motion-capture systems require expensive cameras
and markers on the bodies to be measured, and the measured
subjects must remain within a small area. Wearable sensors
could dramatically reduce costs and allow workers to move
unimpeded while monitoring their movements.

Milea measured joint motion with lightweight and
inexpensive bend sensors [18]. Though the materials used
were simple and inexpensive, the three-axis motions possi-
ble at the lumbar joints cannot be measured with bend
sensors alone.

Inertial measurement unit (IMU) systems have also been
used to measure body motions. Since IMUs can estimate
three-axis angles using accelerometers and gyroscopes, the
measured values will include errors [19]. Marras et al. devel-
oped a lumbar-motion monitoring device that uses a three-
axis electrogoniometer [20]. With this apparatus, Marras
et al. monitored lumbar motion for industrial workers [21]
and health care workers [22]. This lumbar-motion monitor
effectively recorded time-series data about lumbar motions.
However, the device covered the subjects’ low back and
may have been heavy for the subjects to work with over the
course of a full shift. The weight of such a device must be
reduced significantly if workers” low backs are to be moni-
tored continuously.

We therefore propose a novel lightweight lumbar-motion
measurement device (LMMD). The key component of the
device is a flexible and stretchable strain sensor. This strain
sensor is lightweight and features low elasticity, high durabil-
ity, and good repeatability [23]. The strain sensor we use has
been applied to measurements of wrist and elbow motions
[24] and rapid prototyping human interfaces [25]. These
joints rotate in one or two axes and can be modeled with a
simple equation. Since lumbar motion includes flexion, rota-
tion, and side bending, lumbar motion must be modeled with
three degrees of freedom. To solve this problem, we designed
a parallel-sensor device with six strain sensors. This device is
lighter than comparable devices, and tests reported in this
paper show that it can effectively measure lumbar motion
over time.

2. Methods

The stretchable strain sensor we chose is flexible and thin.
The main material of the strain sensor is urethane elastomer.
Three elastomer sheets sandwich two carbon-nanotube
membranes. These carbon-nanotube membranes work as
electrodes in the strain sensor and are flexible enough to
expand or contract along with the elastomer sheets. The
sandwiched carbon-nanotube membranes are effectively a
parallel-plate capacitor, the capacitance of which changes as
the strain sensor expands and contracts. Hence, the strain
sensor works as a variable capacitor, accurate to within 5%
of its range [23]. The elastomer sheets are 70 mm long and
15mm wide. The electrodes are 50 mm long and 10 mm
wide. The whole strain sensor is approx. 150 ym thick [23].
The strain sensors we used have protective fabric on both
sides, as shown in Figure 1. Snap buttons on both terminals
are used to anchor terminals of the strain sensor. The strain
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FIGURE 1: Stretchable strain sensor with protective fabric and snap
buttons.
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FIGURE 2: Model of the parallel-sensor mechanism. The origins
of the coordinate systems of the lower and upper bars, £, and
%,, are coincident with the center points of the bars, O, and
O, respectively.

sensor shown in Figure 1 is 110 mm long and 20 mm wide
and weighs 4.1g.

The proposed measurement device is built around a
parallel-sensor mechanism. The parallel-sensor mechanism
is based on the Stewart platform [26]. A diagram of the
parallel-sensor mechanism is shown in Figure 2. Two bars
are connected by six links. The terminals of each link are
attached to the lower and upper bars. When the links are
actuators, the mechanism is a positional control device with
six degrees of freedom [27]. If the links are linear encoders,
the mechanism can function as a measurement system [28].
In this study, as in our previous work, the strain sensors serve
as links and the device measures their lengths. When the
upper bar moves or tilts relative to the lower bar, the strain
sensors expand or contract. In that case, the relative three-
dimensional position and rotation of the upper bar can be
calculated based on the lengths of the strain sensor.

The terminals of the links in the parallel-sensor model
are labeled from A, to A and from B, to B,. The coordinate
systems of the lower bar and upper bar are X, and Z,,
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Fi1GURE 3: Parallel-sensor mechanism prototype. The origin of the coordinate system of the lower bar is at the center of the bar. The position of
each terminal of the strain sensor in terms of the coordinate system is marked in units of mm.

respectively. The origin O, of X, is represented as ‘O, =
[“Ops" Oy, " Oy, T in the coordinate system Z,. In coordination

system X, the rotation angles of the upper bar around the x,
Y, and z axes are represented as 0,, 6, and 0, respectively.

The position and rotation of the origin of the upper bar are

written as P= [0y, 0, °O,, 0, 0, HZ]T. Coordi-

nates from B, to By in X, are represented as ’B;=

T
. | > whereiis the index number of the sen-

’B,, bBi), b
sor and ranges from 1 to 6. Similarly, the coordinates from B,
iy “B iz ] T’
which is calculated from P. The coordinates from A, to A
in 3, are “A; = [“A,, A, “A,-Z]T. bB; and “A, are prede-
fined constants. The lengths of the strain sensors are repre-
sented as L. L; is obtained by the following equation.

to B¢ in X, are represented as “B; = [“Bix “B

T
Li:aBi_aAi: [Lix Liy Liz] . (1)
The equation expresses the relation between L; and P. If
we consider the difference between L ; and L; as the length
L; changes
Li =L;-L; 2)

the following equation can be derived using the Jacobian
determinant J.

P=J'L. (3)
From the difference between L; and L, the change in

position and rotation of the upper bar P is determined itera-
tively by Newton’s method. The position and rotational

Shoulder belt

Upper bar

Strain sensors

Waist belt

Lower bar

FIGURE 4: Prototype of LMMD on the low back of mannequin.

orientation of the upper bar P is calculated by adding P to
the previous P.

The prototype parallel-sensor mechanism we con-
structed is pictured in Figure 3. The parallel-sensor mecha-
nism is built from two rectangular bars and six strain
sensors, as shown in Figure 3. The dimensions of the upper
and lower rectangular bars are 20x200x20mm and
20 %260 x 20 mm, respectively. One terminal of each strain
sensor is fixed on the upper bar, and the other terminal is
fixed on the lower bar. Although the length between the
two bars is about 100 mm in this picture, the default length
is 80 mm. The prototype weighs 235g.

The upper and lower bars are worn on the back over the
first lumbar vertebra and the fifth lumbar vertebra with
shoulder straps and a waist belt, as pictured in Figure 4.
The overall weight of the sensor mechanism with straps is



480¢g. The weight of the LMMD is lighter than that of the
lumbar-motion monitor in [20]. This configuration assumes
that the relative position and twist of the upper and lower
bars change along with the motions of the first and fifth
lumbar spines. As the relative position of the two bars
changes, the capacitances of the strain sensors change. A
capacitance-to-voltage converter processes the signals into
voltages that are recorded by an analog-to-digital converter
running on a desktop computer. The computer translates
voltages into lengths of the strain sensors and iteratively cal-
culates the relative position and rotation of the upper bar.

3. Results and Discussion

3.1. Parallel-Sensor Mechanism. First, a preliminary experi-
ment was conducted to confirm the accuracy of the
parallel-sensor mechanism. The lower bar was fixed on a
table. The bend angle and rotation of the upper bar were
manipulated by a hand. The computer sampled the lengths
of the strain sensors at 20 Hz and calculated the displacement
and rotation in three dimensions. An optical motion-capture
system (Optitrack, NaturalPoint, USA) simultaneously mea-
sured the displacement and rotation of the upper bar from
markers attached to the bar, as pictured in Figure 3. The
motion-capture data were used as reference data. Overall,
ten trials were performed to compare data from the parallel-
sensor mechanism and motion-capture system. Each trial
lasted for about 25s. Typical results from these tests are
shown in Figure 5. We calculated the cross-correlation values
between the motion-capture data and the parallel-sensor
mechanism data. The cross-correlation values of x, y, z, flex-
ion-extension, side bending, and rotation were 0.84, 0.93,
0.83, 0.84, 0.94, and 0.93, respectively. The parallel-sensor
mechanism data agreed well with those from the motion-
capture system, with some error that we assume to be caused
by errors in the individual length measurements.

The accuracy of the parallel-sensor mechanism was
quantified using the residual errors between the parallel-
sensor mechanism and the motion-capture data. The mean
and standard deviation (SD) of each dataset are listed in
Table 1. Table 1 also lists the ranges of motion (ROM). The
means for side bending and rotation were within 2° and were
small. Compared to the data for these motions, the difference
in the mean of the flexion-extension data was large. The
means of the displacement data were nearly a function of
the measured ROM. The ROM in the x-axis was limited by
the maximum length of the sensors and was smaller than that
of the other axes.

3.2. Lumbar-Motion Monitoring Device. We also tested
LMMD with human subjects. Our study protocol complied
with the Declaration of Helsinki. All participants were fully
informed and provided written informed consent before par-
ticipating in the study. The study and all procedures were
approved by the Ethical Committee of Graduate School of
System Informatics, Kobe University (Permission number:
28-03). The human subjects were ten volunteers of average
dimensions: female:male=1:1, mean age: 19.8+1.0 years,
height: 164.9+11.9cm, and weight: 58.1+18.2kg. The
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human subjects wore the LMMD and adjusted the tension
of the straps to fit it to their low backs. Subjects were
instructed to perform a motion typically encountered by
nursing professionals, i.e., the transfer of a patient from bed
to a wheelchair. Each subject performed the motion twice.
The motion-capture system was used to obtain reference data
as it was in the preliminary test. A selection of typical results
is shown in Figure 6. The motion-capture data for flexion and
extension had missing values due to a marker that was not
detected by the motion-capture system. Excluding the miss-
ing data, the cross-correlation values of flexion-extension,
side bending, and rotation were 0.78, 0.89, and 0.79, respec-
tively. Although the results differ somewhat, the LMMD data
still agree reasonably with the reference data. Table 2 lists the
mean and SD of the residual errors between the LMMD and
the motion capture and the ROM of the LMMD. The mean
for the side bending angle was relatively small, and flexion-
extension motions had more than double the error of the
other motions.

3.3. Discussion. The comparison of data from the parallel-
sensor mechanism and motion-capture system demonstrates
the validity of the proposed measurement device. The cross-
correlation values showed strong positive correlations. The
difference in the means of the measurement and reference
angles was less than 4.5°, which is less than 8.3% of the
ROM of the device. These results show that the parallel-
sensor mechanism with strain sensors can measure rotation
in three dimensions with reasonable accuracy.

In the tests with human subjects, the cross-correlation
values also showed strong positive correlations. The ROMs
of the side bending and rotation motion were small com-
pared to that of flexion-extension and were less than 35
The ROM of the flexion-extension was greater than 50°.
Although these ROMs are expected for the single motion
we tested, the device must measure rotation around all three
axes to be effective. The differences in the means of the side
bending and rotation measurements were less than 5°. In
contrast, measurements of the flexion-extension motion
returned errors greater than 10°. Two explanations of these
errors seem likely. First, we note that arrangement of the sen-
sors will lead to some error due to geometry. The Stewart
platform has circular plates and places links at dispersed
positions on those plates; however, the LMMD terminals
are attached to sensors linked to a smaller range of positions
on the upper and lower bars. In this arrangement, the sensor
lengths change less as the upper bar moves than they would
in the Stewart platform. The other cause is that the sensors
are stretched along the curve of the low back so they do not
remain straight as they move. The Jacobian matrix calcula-
tion then generates errors in the angle calculations; therefore,
the length of the sensor is not accurately recorded as it bends.
Improved bars and belts are required to prevent these errors.
Sensors could be distributed evenly around the waist, and
they could be kept straight. These limitations decrease the
latitude of the design of bars and belts. For example,
extremely downsizing the device is difficult. The errors
yielded by this LMMD are acceptable for practical purposes,
though, because the device is more wearable than similar
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FIGURE 5: Typical time-series data for displacements and rotation angles when moving the parallel-sensor mechanism alone.

TaBLE 1: Range of motion values and means and SDs of residual
errors between measured and reference displacements and
rotation angles in preliminary tests with the parallel-sensor
mechanism on a bench.

Displacement (mm) Angle ()
Axis X y Flexiqn- Sid.e Rotation
extension bending
ROM 56.69 131.97 84.56 51.24 22.13 67.35
Mean 323 542 279 4.22 1.04 1.52
SD 324 543 236 343 1.02 2.17

devices that have been proposed. The device could be effec-
tive for rough measurements and monitoring of multiaxis
lumbar motion such as the transfer of a patient.

4. Conclusion

We developed a lumbar-motion monitoring device that uses
flexible and stretchable strain sensors. The LMMD measured
three-axis lumbar motion using a parallel-sensor mechanism
with six strain sensors. The accuracy of the parallel-sensor
mechanism was evaluated as the residual errors within 4.5°,
and this may be sufficient for a wearable lumbar-motion
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FiGure 6: Typical time-series data of rotation angles for the device worn by human subjects.

TaBLE 2: ROM values and means and SDs of residual errors between
measured and reference rotation angles in human-subject
experiments.

Axis Flexion-extension Side bending Rotation
ROM’ 54.64 31.78 34.01
Mean® 11.11 3.26 4.64
SD* 7.47 3.09 3.79

monitoring device. The accuracy of the LMMD for tracking
low-back movements of human subjects was evaluated
against reference data from a motion-capture system. The
accuracy of the LMMD was slightly inferior when worn by
human subjects.

In future work, we plan to implement an arc-shaped
bar that fits the user’s waist better. If the sensors are
evenly distributed to the arc-shaped bar, the LMMD could
have high accuracy. We also plan to improve the device as
a wireless device and to adapt the measurement device for
continuous monitoring to make it practical for preventing
LBP in the workplace.
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