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Abstract: 
This paper introduces a novel sensor concept for measuring muscular activity assessing the change of 
the skin surface curvature. The contraction of the rectus femoris muscle is expected to provide 
information on the user’s intention to rise from a chair. This information will be used for the control of a 
motorized lower limb orthosis to improve the quality of life of people suffering from muscle weakness. 
Electromyography is widely used for measuring muscular activity, but is affected by sweat and aging 
effects of the glue used to attach the electrodes. Furthermore, the necessity of glued, skin contacted 
electrodes reduces the ergonomic qualities. The sensor presented is designed for long-term use in an 
every-day environment. It consists of a thin metal stripe placed over the muscle. Deformation of the 
muscle during contraction causes a bending of the stripe. The generated surface strain can be 
measured with strain gauges. For the application around the user’s thigh the stripe is incorporated in 
an elastic textile cuff. The capability of the system is evaluated in isometric exercises and sit-to-stand 
tasks, each compared to simultaneously recorded EMG data. Contraction and relaxation of the muscle 
were recognized in the signal curve. Isometric exercises revealed a higher sensitivity of the sensor for 
low muscular activity. During sit-to-stand tasks the signal curve showed a high similarity to the 
calculated knee torque. Future developments will focus on the reduction of soft tissue influence and 
muscle cross-talk. 
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Introduction 
Reduced mobility of the elderly is often based 
on muscle weakness and fatigue [1, 2]. People 
concerned suffer from a reduced participation in 
activities of daily living and less independence, 
leading to a lower quality of life. This is not only 
a problem for the individual, but also for the 
society at large. Therefore, the development of 
devices to maintain or improve mobility is a 
desirable research goal. One approach to 
pursue this aim is a motorized orthosis, 
equipped with actuators to drive the knee joint. 
By providing an external power, the device 
helps to master the key tasks of everyday life 
such as standing up from a chair, stepping into 
the train, stair climbing, etc. The device thereby 
does not supersede the effort of the user, but 
compensates the muscular deficiency. One 
crucial problem in the development of 
motorized assisting devices is the lack of 

knowledge about the user’s intention for the 
proper and safe control of the actuator. Since 
the user’s lower limb muscles are weak but not 
paralyzed, the detection of muscular activity is 
expected to provide decisive information. 
Electromyography (EMG) is widely used for 
measuring muscular activity in clinical 
environments, yet also for assisting 
devices [3, 4]. However, EMG is prone to 
electromagnetic disturbances, influence of 
sweat on the skin-electrode-interface and aging 
effects of the glue used to attach the 
electrodes. The signal depends on how the 
user places the electrodes and varies with 
every new application. Furthermore, the 
necessity of  glued, skin contacted electrodes 
reduces the ergonomic qualities. Thus, EMG is 
inappropriate for long-term usage in an 
assisting device. This paper reports the 
research of a novel approach for estimating 
muscular activity by measuring the change of 
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the cross sectional shape of the muscle belly 
during contraction emerging on the skin surface 
above the muscle. The study focuses on the 
Sit-To-Stand movement (STS), chosen for its 
key importance in everyday life. It is a 
challenging task for the elderly due to its high 
demands in terms of muscle power and balance 
control [5].  

Physiological considerations 
To estimate the user’s intention of rising up 
from a chair by the means of muscular activity, 
involved muscles providing characteristic and 
repeatable attributes must be identified. In 
studies investigating activation patterns of the 
lower limb muscles during the STS movement 
using EMG, the largest increase of activity was 
found for the quadriceps femoris 
muscles (QFM) [6, 7]. This is apparent since 
the QFM are responsible for knee extension, 
which is (besides the extension of the hip) the 
central movement in the erection of the body 
from a seated position. Consisting of the four 
synergistic heads musculus vastus medialis, m. 
vastus intermedius, m. vastus lateralis and m. 
rectus femoris (MRF), the QFM is large in size 
and hence providing extensive change in 
shape. Based on these facts, the QFM were 
chosen for the assessment of the user’s 
intention. 

Muscle contractions are generated by the 
filaments in every muscle fiber sliding against 
each other. Thus, the contraction causes an 
increase of the muscle cross sectional area. 
Studies have shown a correlation between the 
knee extension force and the cross sectional 
area of the quadriceps femoris muscles [8, 9]. 
Additionally, due to the spindle-like shape of the 
muscle the increasing tension during 
contraction generates a force on muscle fibers 
in the exterior regions towards the axis. The 
cross section profile of the muscle changes 
during contraction from flat oval-shape towards 
round shape. These effects result in a bulging 
of the QFM and hence, regarding the cross 
sectional profile of the thigh, a higher skin 
surface curvature.  

Sensing Device 
To measure changes of the skin surface 
curvature, a bending sensor was 
designed (Fig.1). It consists of a spring steel 
stripe (100 x 17 x 0.2 mm³) placed over the 
muscle. Deformation of the muscle during 
contraction causes a bending of the stripe. The 
generated surface strain can be measured with 
strain gauges. Spring steel features high 
flexibility and yield strength providing a low risk 
of plastic deformation. To obtain a high bending 

and a low backlash a thin stripe is beneficial. 
On the other hand, a large strain on the surface 
and thus a high resolution of the sensor can be 
achieved by using a thick stripe. Tests with 
several stripes revealed the best tradeoff with a 
thickness of 0.2 mm and a width of 17 mm. Two 
metallic strain gauges (HBM, SG/C 1-LC11-10, 
350 Ohms) were applied in parallel alongside 
the stripe. One gauge is used for the 
measurement, the second is redundant for 
compensation in case of failure. The steel stripe 
is incorporated in a cuff made of elastic fabric, 
providing a safe and comfortable fit.  

Fig. 1. Bending Sensor with elastic cuff for 
measuring the deformation of the musculus rectus 
femoris during contraction. 

Experiments 
The suitability of the bending sensor for 
detecting the QFM activity is evaluated in two 
tests. First, the signal of the sensor is compared 
to the EMG signal of the MRF and the intensity 
of the muscular contraction in isometric 
condition. In the second test the sensor signal 
is evaluated in comparison to EMG and the 
knee torque derived by the means of inverse 
dynamics during sit-to-stand movements.  

Setup
The cuff was placed around the thigh with the 
stripe over the belly centre of the MRF, where 
the deformation is expected to be largest. The 
sensor stripe is aligned in perpendicular 
direction to the femur axis. The strain gauge 
was connected to a bridge amplifier 
(Kistler 5271, quarter bridge configuration, 
bridge excitation Ue = 5 V, amplifica-
tion V = 200, low pass filter cut-off 
frequency fc = 10 Hz). The surface EMG of the 
according muscle and the signal of the bending 
sensor were acquired simultaneously with a 
data acquisition board (sampling 
rate fs = 1080 Hz, resolution 16 bit). The EMG 
signal was conditioned by removing the offset 
and applying a moving average filter with 
500 ms and 100 ms window length for isometric 
and STS-tests, respectively. Finally, both 
signals were scaled to 1. 
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Isometric Exercises 
The subjects were asked to sit on a bench 
without back and armrests with an initial 
position of 90° flexion in knee and hip. The 
extension of the right leg was suppressed with 
a rigid rope fixed with a cuff on the subject’s 
ankle. The arm position was consistently on the 
chest. Due to the compliance of the cuff and leg 
tissue, a small horizontal displacement of the 
foot must be enabled. This is achieved by 
placing the foot on a creeper dolly.  
Three healthy volunteers (1f, 2m, age: 
median = 29 (range = 27 – 34); height: 1.77 m 
(1.68 m – 1.80 m); mass 72.5 kg (55 kg – 
84 kg)) were requested to perform six trials. In 
each trial the subject was asked to exert a 
predefined force level (0 N, 20 N, 40 N, 60 N, 
80 N, 100 N) against the rope by extending his 
shank. Each level should be held for five 
seconds. At higher forces the subjects lost seat 
contact and the task could not be performed 
properly. The force was measured with a force 
sensor and instantaneously displayed, to 
provide a visual real time feedback to the 
subject. The force signal was acquired 
simultaneously to the signals from EMG and the 
bending sensor. Afterwards, the knee torque 
was calculated by multiplying the exerted force 
by the length of the shank measured from the 
knee to the ankle (lateral malleolus). 

Sit-to-Stand Exercises
Four volunteers (1f, 3m; age: median = 29.5 
(range = 27 – 34); height: 1.76 m (1.68 m – 
1.80 m); mass 71.25 kg (55 kg – 84 kg)) 
performed 15 STS movements each. The 
subjects were requested to rise in self-selected 
velocity and in straightforward direction from a 
bench without back and armrests. Seat height 
was adjusted for 90° knee flexion, the arm 
position was consistently on the chest. The 
seat-off was detected for later visualization 
purposes by placing the bench on a force plate. 
Additionally, the kinetic and kinematic data was 
acquired from one of the volunteers using force 
plates under each foot (Kistler) and a 
3 dimensional motion capture system (Vicon), 
respectively. The knee torque was computed 
using the Vicon Plug-in-Gait model [10, 11].  

Results 
Isometric Exercises 
A total of 16 trials were examined (3 subjects, 
6 trials, 2 corrupted data sets). In 14 out of 
16 trials the signal of the bending sensor 
showed a distinct peak at the moment of the 
first muscular contraction. The relaxation of the 
muscle was detected in every trial. Different 
levels of contraction could be clearly 
distinguished in 8 trials. The bending sensor 

showed a nonlinear sensitivity to the muscle 
contraction. Weak muscle contractions induced 
a large change of amplitude. 

Tab. 1: Results of the isometric tests comparing 
electromyography (EMG) to the novel bending  
sensor (BS) 

EMG BS 

Distinct amplitude in the 
moment of first 
contraction 

16 / 16 14 / 16

Distinct amplitude in the 
moment of relaxation 

16 / 16 16 / 16

Distinguishable levels of 
contraction 

14 / 16 8 / 16 

Towards strong contractions lower changes 
were noticed, leading to a merging of the 
amplitude in some trials. In the EMG data both, 
the contraction and relaxation, could be 
recognized in every trial. Different levels of 
contraction were distinguishable in 14 out of 16 
trials. Hereby the higher dispersion towards 
high muscular activity impairs the certain 
distinction of the different contraction levels in 
the data.  

Fig. 2. Signal of the bending sensor compared to 
EMG and exerted force during isometric exercises. 

Sit-to-Stand Exercises
A total of 59 trials were examined (4 subjects, 
15 trials, 1 corrupted data set). In 58 out of 59 
trials the signal of the bending sensor showed a 
distinct rise in the moment of the muscle 
contraction to initiate the chair raise (Fig. 3, 
mark 1). Compared to the calculated knee 
torque the signal had a high similarity during the 
movement. In 22 trials the signal showed a rise 
of muscular activity before and after the 
movement without the presence of EMG 
activity (Fig. 3, mark 2). Thereby the amplitude 
reached up to 50 % of the maximum value. An 
offset remained occasionally (5 trials) after the 
raise. 
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Fig. 3. Signal of the bending sensor compared to 
EMG and calculated knee torque (inverse dynamics) 
during STS exercises.  

Discussion 
Since the signal provides a reliable increase 
when the MRF is contracted and a drop when 
relaxed, the bending sensor detects activation 
at least as binary signal. This information can 
be used for a motorized assistive device to start 
and stop the support. The described amplitudes 
in times without EMG activity are likely due to 
muscle cross-talk of the antagonistic knee 
flexors, since they seem to appear when the 
subject intuitively pulls its feet under the body to 
shift its weight in front. Additionally the 
movement of soft tissue, such as fat and fascia, 
reduces the deformation on the skin surface 
and allows skin movement in relation to the 
muscle. The nonlinear sensitivity to the muscle 
contraction impedes the resolution of muscular 
activity at high exerted forces. This yields from 
the changes of the muscle shape, which by 
nature turns out smaller at higher activation 
levels. However, under laboratory conditions 
the resolution of small changes with the novel 
bending sensor are possible. The similarity of 
the signal compared to the knee torque 
calculated by means of inverse dynamics is 
promising. The application of the sensor cuff is 
quick and easy and provides comfortable use. 
This is an important requirement for the 
utilization in an assistive device for the elderly 
to support mobility in daily living. Future 
developments will focus on the reduction of soft 
tissue influence and muscle cross-talk. 
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