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Sammanfattning 

Ett antal parametrar har identifierats som kännetecknande för gång mönstret hos patienter 
med INPH. De flesta av dessa har identifierats genom kvalitativa undersökningar och genom 
manuella testbatterier. För att erhålla kvantitativa, standardiserade och objektiva resultat, 
vilket möjliggör studier baserade på stora patientgrupper med jämförbara resultat, finns det ett 
behov av ett användarvänligt system som kan mäta specifika gångparametrar över tid på ett 
tillförlitligt sätt i det dagliga kliniska arbetet. Steg höjd, bredd och variation i gångcykeln är 
sådana parametrar som är intressanta forskningsområden inom denna patientgrupp. 
Balans- och gångproblem är även mycket vanligt i andra patientgrupper också, särskilt inom 
neurologiska sjukdomar som Parkinsons sjukdom, multipel skleros och stroke. 
Detta är anledningen till att utveckling av detta gånganalysinstrument görs. Att få tillgång till 
en enkel och objektiv metod för att uppskatta gång- och balansförmåga i kliniska 
rutinundersökningar skulle öka möjligheten att ge rätt typ av behandling, bekräfta 
behandlingsresultat och genomföra större studier. Därför kan denna utrustning bidra vid 
bedömningen av sjukdomar där gångproblem är en intressant parameter. Ett första test av 
användbarheten och för validering av noggrannhet och repeterbarhet av utrustningen gjordes 
på grupp av friska frivilliga. Resultatet från testerna på friska försökspersoner visar god 
repeterbarhet mellan mätningarna, för steg bredd vid normal gång var skillnaden  
-0,2 ± 0,34 cm (medelvärde , ± SD ) och steg för höjd 0,69 ± 3,34 cm. Dubbelstegtids-
variabiliteten inom den friska gruppen var mycket liten 0,00048 ± 0,00028 s2 med en skillnad 
mellan testerna på 0,000019 ± 0,00038 s2. Tre pilotpatienter har testats där vi tydligt sett 
indikationer på ökad dubbelstegtids-variabilitet och minskad steghöjd. 
 
 

Abstract 

A number of parameters have been identified as characteristic of the walking pattern in 
patients with INPH. Most of these have been identified through qualitative surveys and 
manually conducted test batteries. In order to obtain quantitative, standardized and objective 
measures, which enable studies based on larger patient populations and comparable results, 
there is a need for a user-friendly system that can measure specific key parameters over time 
in a reliable manner in everyday clinical work. Step height, width and the variability in the 
gait cycle are such parameters which are interesting research areas for this group of patient. 
Problems with balance and gait are very common in other patient groups as well, particularly 
in neurological diseases such as Parkinson's disease, multiple sclerosis and stroke.  
This is the reason that the development of this gait analyzer is performed. Giving access to a 
simple and objective method for estimating gait and balance ability in clinical routine 
investigations would increase the ability to provide the right kind of treatment, confirm 
treatment results, and conducting larger research studies. Therefore, this equipment can 
contribute to the assessment of diseases which contain impaired gait. As a first test of the 
usability and for the validation of accuracy and repeatability of the equipment a group of 
healthy volunteers was used. Results from tests on healthy subjects show god repeatability 
between measurements, for step width at normal gait the difference was -0,2 ±0,34 cm (mean, 
±SD) and step height 0,69 ±3,34 cm. The stride time variability in the healthy group where 
very small 0,00048 ±0,00028 s2 with a difference between test of 0,000019 ±0,00038 s2. 
Three pilot patients have been tested where we have clearly seen indications of increased 
stride time variability and reduced step height. 
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1. Introduction 

1.1 Background 

Idiopathic normal pressure hydrocephalus (INPH) is a neurological disorder in which 
enlarged ventricles (cavities in the brain) and disruptions in the dynamics of the fluid that 
surrounds the brain and spinal cord (cerebrospinal fluid, CSF) can cause abnormal gait and 
balance, incontinence and dementia. INPH can be treated surgically by placing a CSF shunt in 
the brain’s ventricular system, draining CSF from the ventricles to e.g. the abdomen. The 
symptoms that usually improve most after treatment are gait and balance [1], [2]. The gait 
pattern in these patients has been described as "glue footed", i.e. the patients tend not to lift 
their feet when they walk, but instead have a form of sliding with much floor contact, and the 
gait is often slow and broad based [3]. Moreover, research suggests that the impaired gait in 
INPH patients may be due to disturbed motor control [4]. 
 
Almost all motor activities are impaired in patients with INPH, gait parameters and balance 
are commonly assessed since they are important symptoms [5],[6]. To analyze gait parameters 
in a quantitative manner, several systems are availably today. Optical motion analysis systems 
currently offer the ability to measure most movements that fit within the gait cycle, including 
the step height. Electronic walkways and treadmills are also used for analysis of dynamic gait 
parameters [7]. However, these systems are complex, bulky, costly and difficult to manage in 
the every day clinic. To be able to include individual gait analysis as part of the preoperative 
investigation as well as before and after treatment, it is desirable to develop a technique that is 
especially suited for measuring the gait parameters in a simpler way in every day clinic.  

1.2 Aim 

The purpose of this project is to develop a system for measuring and presenting specific 
parameters describing the motion of the legs and feet during walking, without the need for 
dedicated rooms and specialized personnel. Parameters of interest are step height, step width, 
step time, step time variability, cadence and step length. This project includes choosing and 
evaluates suitable sensors for the application. The system should be based on low cost 
components, such as optical sensors and accelerometers and/or gyros. User friendliness of the 
resulting system is an important feature and should be considered so that the system can 
ultimately be used in routine gait tests of patients in the clinic. The equipment must be of low 
weight so that the patient's gait pattern is not affected. Data should be logged to a wearable 
memory unit, or wirelessly to an adjacent computer, to ensure free movement in the room. 
The project also includes an evaluation of the measurement system in a test bench, and a pilot 
study on a small number of control subjects in order to evaluate the accuracy, precision and 
function of the system. 
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2. Sensor theory 

The sensors needed to accomplish the measurements are distance sensors for measuring step 
height and step width, and movement sensors for recording the timing parameters of the 
motion. Possible technologies for distance measurements are optical triangulating sensors or 
time of flight sensors. Time of flight sensors can be based on optical, ultrasonic or radio 
waves (radar). For capturing motion, gyros and accelerometers are available from many 
sources at low costs. 
 

2.1 Distance sensors for step height and step width measurement 

 

2.1.1 Time of flight sensors 

Time of flight sensors (TOFS) can be based on either optical, ultrasonic or radar techniques. 
Radar is most suitable for long distance measurements (i.e kilometers and above), and it is 
therefore omitted since it is not of interest for the purpose of this project. 
 
Optical TOFS 

Optical TOFS can be of either of two types. For the first type, a short pulse of light is emitted 
towards the target, and the time it takes for the reflected light to return to the receiver is 
measured. A common interval of distances that can be measured using this technique is 1m to 
hundreds of meters. The time it takes for the light to travel 30 cm is very short, about 1 ns. It 
is very demanding for the electronics to measure times that short with high resolution, and to 
achieve this it makes the sensors expensive, figure 2.  
 
The second type of optical TOFS measures the phase difference of the reflected light 
compared to the emitted. For this type of measurement the emitted light is often continuous 
and amplitude modulated with 20 MHz or more, figure 2. Again for short distances the phase 
difference will be small, and thus it is hard to get high resolution without advanced 
electronics. This type of sensor can measure distances from 5 cm to 10 m. The optical time-
of-flight sensors on the market are very accurate, but they are both big and expensive, and 
they are best suited for measuring longer distances. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Time of flight measurement with phase detector or measurement of time difference between reference 
and reflected light. 
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Ultrasonic TOFS 

An ultrasonic TOF uses a piezoelectric transducer to send and detect sound waves. The 
transducer generates a high frequency sound wave and evaluates the echo, which is received 
after reflecting off the target, at the detector (figure 3). This type of sensor is using the speed 
of sound in air for calculation of the distance. In dry air the sound travels at a speed of 331 
m/s, this means that it takes 900 µs for the sound to travel 30 cm, which easily can be 
measured. For high accuracy it is necessary to compensate for fluctuations in air temperature 
and humidity however. The ultrasonic sensors on the market are found to be both slow and 
bulky, therefore they are not considered suitable fore this application. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Ultrasonic distance sensor. The time difference between the input pulse and the received echo divided 
by two and multiplied by the speed of sound in the air gives the distance. The speed of sound in air differs 
slightly with temperature and humidity. 
 

2.1.2 Triangulating optical sensors 

 
For optical triangulation, a narrow beam of light is sent towards the target to which the 
distance should be measured. A spot of light can be seen on the target, and if the spot is seen 
from a position aside from the light source the angle to the spot will vary with the distance to 
the target, Figure 1. With a lens the reflected light spot can be projected onto the position 
sensitive photo detector (PSD). 
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Figure 1. a) Mechanical setup. b) Theoretical setup, here the length of the baseline X and the angle α0 are 
important for the individual calibration of each sensor. Baseline X is the distance between the emitter and the 
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centre of the optical lens, s is the position of the light spot projected on the PSD from the optical centre, b is the 

distance between the lens and the PSD, α0 is the angle between the optical axis and the baseline, and Y is the 
distance to the target. 

 
 
A PSD is a large area lateral photodiode. It is the most common detector used for single point 
measurement. It delivers different output current depending on where the spot of light is 
positioned on its surface. The PSD has a short response time, making it possible to modulate 
the light from the emitter to make the device less sensitive to surrounding light. The detector 
can also be a CCD-camera to measure distance in 2 or 3 dimensions. It is important that the 
light beam is narrow and well collimated to produce a small spot of light at all distances. The 
light source is usually an IR-LED or IR-laser.  
 
 
The distance to an object can be calculated by using trigonometry. If all sensor parameters are 
known, according to figure 1b, the distance Y can be calculated as 
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This theoretical calculation is depending on high precision of the mechanical properties inside 
the sensor. This means that the angles and distances inside the sensor must be very accurate. 
For low priced sensors it is often necessary to calibrate the sensors individually. The optical 
triangulating sensors are commercially available in small package, at low cost and at 
reasonable accuracy. 
 
 

2.2 Motion sensors 

Micro mechanical sensors (MEMS), vibrating structure accelerometers and gyros are 
becoming more common in motion measurements today. They are manufactured in silicone 
with the same processes as semiconductors and integrated circuits, which make them small in 
size and inexpensive. Sometimes they are combined with magnetometers to make it possible 
to navigate according to the earth magnetic field. 
 

2.2.1 Accelerometers 

Accelerometers can be found in measurement ranges from parts of g to hundreds of g. Most 
accelerometers are nothing more than a force transducer designed to measure the reaction 
forces associated with a given acceleration. If the acceleration of a limb is a, and the mass 
inside the sensor is m, than the force exerted by the mass is F=ma. The force transducer is 
usually of piezoresistive or vibrating type. The mass is accelerated against a force transducer 
that produces a signal voltage V, which is proportional to the force, and since m is known and 
constant, V is also proportional to the acceleration.  
 
Used as inclinometers accelerometers can detect position relative to gravity, the measurement 
range can then be about 1-3 g. Used as inclinometer “noise” from accelerations can be a 
problem, but signal conditioning can help to some degree. In motion applications 
accelerometers are often orthogonally mounted three by three to get measurements in 3D.  
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2.2.2 Gyroscopes 

A gyroscope is a device for measuring or maintaining orientation, based on the principles of 
angular momentum. Gyroscopes measure angular rotation rate (degrees per second). 
Originally a gyroscope had a spinning wheel or disc in which the axis was free to assume any 
orientation. Today there are many different gyro constructions, but the most common for 
small and cheap designs is the vibrating MEMS gyro. The underlying physical principle is 
that a vibrating object tends to continue vibrating in the same plane as its support rotates. In 
the engineering literature, this type of device is also known as a Coriolis vibratory gyro 
because as the plane of oscillation is rotated, the response detected by the transducer results 
from the Coriolis term in its equations of motion [8], [9]. MEMS gyros are also often 
orthogonally mounted three by three to get 3D measurements (pitch, yaw and roll). If a 3D 
accelerometer is combined with a 3D gyro the result is called an inertial sensor. Inertial 
sensors are used for navigation and position sensing in many areas. 
 

2.2.3 Magnetometers 

A magnetometer is a measuring device used to measure the strength and, in some cases, the 
direction of magnetic fields. Inertial sensors are often combined with a 3D magnetometer for 
measuring the earth magnetic field like a compass. Magnetometers are often based on Hall-
effect technology, but there are many other technologies available.  
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3. Development of system for measuring and analysing gait  

3.1 Requirement specification  

The system must be designed so that the selected sensors can be securely attached to the 
patient in a simple, reliable manner. The sampled data should be transferred to a computer for 
analysis and presentation, in real-time or off-line.  
 

The sensors for measuring movement parameters must be possible to attach on the lower leg, 
as close to the foot as possible, and have low enough weight for the gait pattern to be 
unaffected. Also the cables from the sensors to the data acquisition unit (Titon) should be 
flexible and of low weight for best possible comfort for the test person. The distance sensors 
must be able to measure distances from 4 cm up to at least 30 cm. For the movement sensors, 
the accelerometers must be able to handle ±5 g and the gyros ±350 °/s. 
 
 

3. 2 Development of hardware 

3.2.1 Sensors 

One optical triangulating sensor commercially available is the Sharp 2D120X, figure 4 [12]. 
This is the type of sensor that is most suitable of for this application since it is small, light and 
has a suitable measuring range. It also has a low power consumption which is an advantage 
because the equipment is battery powered. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 
Figure 4. Sharp 2D120X block diagram. 
 
 

The output from the Sharp 2D120X is an nonlinear analog signal, 0,5-3 V in the 4 – 30 cm 
range, figure 5. The calibration correction is very close to a 1/x curve, but further 
improvement can be achieved by individual calibration for each sensor, figure 5 
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Figure 5. Calibration curve for one of the optical triangulating sensors, Sharp 2D120X 
 
 

As figure 6 shows, the step height sensor was mounted directed 12° forward. The reason for 
this was to reduce the risk of the sensor going out of range if some steps become too high 
when the foot is at its backmost position. If the measuring interval still becomes out of range 
it takes 76 ms for it to recover, and since the internal uppdate time for the Sharp 2D120X is 
38 ms this causes an artifact in the data registration. The angle forward is compensated for in 
the calibration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Leg inertial sensor including one distance sensor for measuring step height. The sensor is directed 12° 
forward. 

 
 
For motion measurement there are gyros and accelerometers available from many sources at 
reasonable costs. The ADIS16405MLZ [13] is equipped with three gyros (± 300 °/s), three 
accelerometers (±18 g), three magnetometers (± 2,5 gauss) and one internal temperature 
sensor, figure 7. A 16 bit AD converter converts data from these sensors at a maximum rate of 
891,2 Hz. 
Such sensors fit our application very well and can also give much information that can be 
used for future development. Serial Protocol Interface (SPI) was used to communicate with 
ADIS16405, see data sheet [13]. ADIS16405 is also equipped with one analog auxiliary input 
with a 12 bit ADC having an input range of 0-3 volt. This input is suitably for the connection 
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of one distance sensor. This means that with one ADIS16405 on each leg it is possible to 
measure step height on one leg and step width on the other. ADIS16405 have many other 
useful features for this application, e.g. factory-calibrated sensitivity, bias, and axial 
alignment over the temperature range -40°C to + 85°C, automatic and manual bias correction 
and a FIR filter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 ADIS 16405 block diagram 

3.2.2 Data acquisition unit 

Data from all sensors need to be collected and analyzed. A modified in-house designed data 
acquisition unit, Titon 2.0b is used for this purpose, figure 8. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Titon System, size: 11*7*2,5 cm, weight: 150 gram. 
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Titon is originally an analog data acquisition system, but for this project all analog 
components were removed and signals for communication with SPI units like ADIS16405 
were connected from the CPU to two six-pole connectors on the front panel. The modification 
of the software in the Titon unit is not part of this project. Titon collects data wirelessly using 
a Bluetooth connection to a computer, or internally on a µSD card. The battery life of the 
system is about six hours with a sampling rate of 256 Hz/channel. 
 

3.2.3 Application to the legs 

All sensors are relatively small and made from low weight material, and they are attached to 
the legs with elastic straps (figure 9). The right side distance sensor is used for step height 
measurement and the left side sensor is used for step width measurement The step width 
sensor was placed just blow the knee and on the opposite leg a smooth surface was placed to 
get a consistent distance reading. (Figure 11b) The reason for this placement are the fast 
swing of the leg, the time to measure the distance is found to be about 60 ms if the sensor is 
placed at the ankle. Since the update time for the distance sensor is 38 ms it is not possible to 
get a reliable distance reading. With the sensor placed just below the knee the sampling time 
is increased to at least 100 ms. Titon is attached to the belt of the person being examined and 
it is connected to the sensors with thin and flexible ribbon cables. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. The complete system applied on a test subject. At each ankle are the motion sensors attached and at 
the left leg the sensor for step width. 
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3.2.4 Analysis software 

For data analysis, a program was developed in-house using LabView®. The program 
contained file handling, signal conditioning of raw data from Titon, analysis algorithms for 
extracting gait parameters and a graphical interface with presentation of curve and parameter 
data, figure 10. The algorithms for gait parameter extraction are described in section 4.3.  
 

 
Figure 10. Presentation of a walking sequence for a healthy individual. 

 

3.2.5 Calibration 

 For the inertial sensors the factory calibration was accepted, and no further calibration was 
performed. [13]. Calibration of the optical distance sensors was performed individually using 
a milling machine. In the milling machine, the distance between the sensor and a target could 
be set with an accuracy of ±0.005 mm, which was more than enough for the purpose of this 
project. The calibration was performed with a reading every second centimeter from 4 cm to 
30 cm. Excel was used for curve fitting and linearization of the readings. The two sensors 
obtained slightly different calibration factors, step height (height=11,366*x-1,02124) and step 
width (width=10,927*x-0,95908), figure 5. The 1/x shaped relation between distance and output 
voltage makes the resolution of the measurement nonlinear over its measurement range. For 
short distances the resolution is good (0,2 mm at 5 cm) and at long distances it is degraded 
(1,3 cm at 27.5 cm). 
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4. Method 

The validation of the equipment was performed in two steps. Firstly, two different setups with 
well defined distances for height and width measurements were used. Secondly, a small study 
with healthy subjects and three pilot INPH patients was performed. 
 

4.1 Experimental set-up 

Two bench tests were performed for the optical distance sensors, one for the step height 
sensor and one for the step width sensor, figure 11.  
 

 
 
Figure 11. Setup for step height and step width bench test. 

 
To get standardized heights for determining the accuracy and precision of the step height 
measurements, a foot/leg dummy was constructed. The foot to floor angle could then be 
precisely set, and the height of the “heel” could be calculated. This way the height of the heel 
could be set with a precision of less than one millimeter. In the starting position, with the foot 
in horizontal position, the sensor was placed 74 mm above the floor.  
The same dummy was used to test the step width accuracy and precision. In this setup a target 
was placed at preset distances from the dummy leg, 5 to 27,5 cm in steps of 2,5 cm. The target 
was constructed to act as an opposite leg and was placed so that the dummy leg needed to be 
moved past it to get a peak reading, simulating normal gait. For both step height and step 
width, six individual tests were made and the mean, standard deviation (SD) and coefficient 
of variation (CV) were calculated. 
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4.2 Evaluation on healthy subjects 

A minor study was performed on ten healthy subjects with normal gait, age 40,8 ±10,7 (mean, 
±SD), eight male and two female. The group of healthy subjects was randomly picked among 
the employees at the department of Biomedical Engineering and Informatics, Exclusion 
criteria were any gait disability expressed by the test subject. 
 

4.2.1 Test protocols 

Four standardized tests were performed. Each test was repeated twice, and the entire sensor 
system was removed and reattached to the test person between the repetitions. The tests 
performed were: 
 

1. Specified step-height during standing 
2. Specified step width during standing 
3. Normal gait (45 m) 
4. Wide based gait (45 m) 

  
For evaluating step height, the test person was standing on the floor and momentarily placing 
the heel on an 85 mm high edge (Figure 12a). This was repeated 20 times, and the height from 
the sensor to the floor was also measured manually with a ruler. Step width was measured 
with spacers between the feet. The distance between the feet started at 7,5 cm and was 
increased to 27,5 cm with 2,5 cm increments (figure 12b).  
 
 

 
Figure 12, a. Setup for evaluation of step height measurements. The momentary step height in the setup was 8,5   
cm. b. Setup for step width measurements. The distance between the feet varied between 7,5 and  
27,5 cm, here the distance is 15 cm. 

 
To evaluate thereliability of gait parameters, the healthy subjects were asked to walk at their 
natural, preferred pace for 45 m in a corridor indoors. Wide based gait was evaluated in a 
similar manner, but the test person was told to walk on lines on the floor that were 30 cm 
apart. The person was instructed to walk with the feet centered over the lines.  Three pilot 
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INPH patients  where included to test the equipment in a clinical setting, they were all male, 
80 ±5 years. They where asked to walk normally at their preferred pace for 25 m.  
 

4.3 Analysis of gait parameters 

For gait the temporal parameters of interest are calculated, like right leg, stride to stride 
variability, step to step variability, cadence, gait speed, mean step height and mean step width. 
The Cadence (steps/minut) is calculated by multiplying the step frequency with 60 and the 
gait speed is calculated by dividing the length of the walk (45 m) by the total walking time. 
For all parameters based on variability and/or cadence, the angular velocity from the 
gyroscopes was used to determine the stride times. The swing phase of the gait was found to 
give very distinct signals, which worked well for timing purposes as a peak detector easily 
could find the peak velocities. The time stamps of the peak positions then gave the stride 
times. The variability in stride times is presented in a Poincaré plot, and to quantify the 
variability an elliptic fit is calculated from standard deviations SD1 and SD2, figure 13 [10]. 
Here SD1 represents the short term variability and SD2 represent the long time variability. 
For step height and step width, calculation of mean and standard deviation were performed for 
the entire walking sequence. 
 
 
   
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 Poincaré plot with a schematic elliptic fit from SD1 and SD2. The coordinate system based on X1 and 
X2 is established at 45° to the normal axis. The standard deviations of the distances of the points from the X1 
and X2 axes respectively determine the width (SD1) and length (SD2) of the ellipse.  
 

4.4 Statistics 

Results are reported as mean ± standard deviation. The coefficient of variation in % 
(CV=standard deviation / mean *100) is used to compare the variability of different 
parameters with different arithmetic means. Fore all comparative tests paired t-tests were 
used. The limit p<0,05 (2-taild) was considered statistically significant. 
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5. Results 

5.1 Equipment for gait analysis 

The development process resulted in a small and light equipment intended for clinical use. 
The equipment consists of three parts, one data acquisition unit and two sensor units, one for 
each leg, figure 9. The development process is described in section 3. 
 

5.2 Bench test 

5.2.1 Step height 
The result of the step height bench test indicated good linearity, and as the height sensor was 
directed 12° forward a correction for this was done (Figure 6 and 14). Figure 14 shows the 
mean of the six measurements performed and table 1 shows the CV, varying between 0,17% 
and 2,57%, over the measurement range, with the highest CV for the lowest heights. The 
regression line in figure 14 shows good linearity with R2=0,9986.  
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 14. Step height verification in a bench setup, before and after 12° forward correction. 
 
 
Table 1. Result and CV of the height measurement over the measurement range. 

Actual height 

(cm) 

Mean measured height 

after correction 

n=6 (cm) 

CV 

(%) 

1,69 1,82 2,57 
3,59 3,67 1,10 
5,57 5,61 0,43 
7,67 7,40 0,41 
9,83 9,48 0,49 

11,71 11,31 0,41 
13,89 13,77 0,18 
15,86 15,72 0,81 
18,1 18,33 0,17 

20,12 20,55 0,56 
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Validation of step-width sensor
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5.2.2 Step width 
The step width measurements indicates that the measurement is linear and has a good 
repeatability with a CV between 0,48% and 2,61%, and R2=0,9916, with the biggest CV in the 
middle of the range. Figure 15 and table 2 show the mean of six distance measurements with 
the step width sensor, and table 2 also shows the CV. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.  Step width verification in the bench setup. 

 
 
Table 2. Mean and CV of the width measurement over the measurment range. 

Distance (cm) Mean measured n=6 

(cm) 

CV  

(%) 

5 4,98 0,52 
7,5 7,02 0,58 
10 9,25 0,48 

12,5 11,69 1,10 
15 13,93 2,61 

17,5 16,77 1,56 
20 19,82 0,92 

22,5 22,8 0,73 
25 25,27 2,10 

27,5 28,73 0,52 
 

 

5.3 Healthy subjects 

For the ten healthy subjects, the difference between measurement one and two in mean step 
height and mean step width  was -0,02 ± 0,83 cm and 0,17 ± 0,41 cm respectively. For all 
subjects the mean step height was 8,84 ± 0,67 cm and mean step width with 15 cm spacers 
(figure 11b) was 9,11 ± 1,78 cm. The parameters from the gait pattern for the ten healthy 
subjects are presented in table 3 to 6. For the step height one person were omitted since the 
step height reading was too large, over 30 cm. There were no significant differences between 
test one and two in any of the estimated parameters, table 3. The difference in step height 
between normal gait and wide based gait was significant, p=0,002, table 4. The stride time 
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variability was about 1,5 times larger when the subject walked wide based (table 5) with a 
significant difference of p=0,010. 
 

5.4 Pilot patients 

Three pilot patients referred for suspected INPH was used as pilot patients to test the 
equipment in a clinical setting. The ages of the patients were 79 ±5 years and they were all 
males. 
When comparing the healthy subjects and the patients, there were significant differences in 
step height and stride time variability. Table 6 shows the healthy subjects compared to the 
INPH patients. The step height was about 60 % larger for the control group compared to the 
patients and the stride time variability was eight to 100 times larger in the patient group. 
 
 
Table 3. Mean difference between test one and two. Non of the parameters differed significantly between the 
two tests. 

 Mean diff. 

width at the 

knee 

(cm ±sd) 

Mean diff step 

height (cm ±sd) 

Mean speed 

diff (m/s ±sd) 

Mean cadence diff 

(steps/min ±sd) 

Normal 
gait 
n=10 

-0,20 ±0,34 0,69 ±3,34 
n=9 

-0,05 ±0,15 -0,31 ±1,46 

Wide gait 
n=10 

-0,40 ±1,14 -1,49 ±3,92 
n=9 

-0,04 ±0,077 -0,57 ±1,77 

 

 
Table 4. Mean results from all subjects, since there where very little difference between test one and two the 
mean where calculated form both test one and two. 

 Mean width at 

the knee 

(cm ±sd) 

Mean step height 

(cm ±sd) 

Mean Speed 

(m/s ±sd) 

Mean cadence 

(steps/min ±sd) 

Normal gait, 
n=20 

7,12 ±1,49 27,37 ±3,28 
n=18 

1,20 ±0,19 55,4 ±4,61 

Wide gait 
n=20 

12,11 ±1,80 25,55 ±1,06 
n=18 

1,06 ±0,22 53,4 ±5,49 
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Table 5. Mean right leg stride time variability for the healthy subjects and the difference between test one and 
test two. 

 Mean stride time 

variability (s
2
) 

Difference in mean stride 

time variability between 

test 1 and 2 

Normal 0,00048 ±0,00028 0,000019 ±0,00038 

Wide 0,00071 ±0,00036 0,000093 ±0,00028 

 
 
Table 6. Comparison between gait parameters for normal and wide based gait in healthy subjects and in INPH 
patients. 

 Mean width  

at the knee 

(cm ±sd) 

Mean step 

height 

(cm ±sd) 

Mean cadence 

(steps/min ±sd) 

Stride time 

variability 

(s2±sd) 

Normal 
Gait n=20 

7,12 ±2,11 27,94 ±4,36 55,395 ±4,61 0,00048 ±0,00028 

Wide gait 
n=20 

12,11 ±1,84 26,18 ±4,77 53,41 ±5,49 0,00071 ±0,00036 

INPH pat 1 10,70 ±1,58 18,7 ±0,28 50,6  0,048 

INPH pat 2 8,35 16,8 ±1,9 55,8  0,008 

INPH pat 3 11,13 ±1,95 15,99 ±2,12 45  0,0038 
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6. Discussion  

6.1 Equipment 

The discussion under this item refers to section 3, development. 
The inertial sensor used in this device contains three 3D motion sensors and only angular 
velocity in one direction is used to measure the temporal parameters of the gait cycle. This 
means that there are much more information to be found in the movement data e.g. angular 
information from the lower limb in 3D. 
The optical triangulation sensor has an internal update time of 38 ms, it was a bit too long for 
the step-width if it were measured at the ankle. In normal walking pace the time where the 
measurement is to be taken is about 60 ms. Since the sensor goes out of range when the legs 
are not in parallel the first sample to recover might be unstable [12] this means that at least 76 
ms (two samples) measuring time is needed. One way to handle this problem is to place the 
sensor just below the person's knee, this way the time available for the measurement about 
100 ms for the healthy subjects, and even more for patients with gait impairment. Further a 
smooth surface on the opposite leg is needed to get a distinct spot of light.  
One other problem with this sensor is that the output is nonlinear, close to a 1/x curve. This 
means that at the end of the measuring range the discreet digital steps will be large after the 
linearization, resulting in a lower resolution at longer distances. At a distance of 5 cm the 
resolution is 0,2 mm and at a distance of 27,5 cm the resolutions is 1,3 cm. The poor 
resolution is a problem at long working distances and a better sensor is preferred, but there is 
no one switchable available on the market. 
 

6.2 Bench test 

These tests confirm the calibration of the optical sensors. The result show some slight 
nonlinearity’s depending of a non ideal curve fitting in the calibration. The deviation from a 
straight line is small and can be neglected in this application. For the step height test the 
experimental set up could only handle a height of 20 cm with is a bit to low since the sensor 
can measure to 30 cm. However patients with gait problems usually lift their feet very little 
and if the feet are lifted higher than 25 cm is acceptable to have a low accuracy. 
 

6.3 Healthy subjects 

Table 3 and table 5 shows that the difference between test one and two indicates that the 
repeatability between tests is good. The hypothesis is that stride time variability can be used 
as an indicator of how automatic the gait motor control system is working [11]. In the case of 
wide based walking, subjects trying to put the feet on lines add a cognitive demand to the gait. 
This resulted in increased stride time variability by 48% for the healthy subjects (table5), 
which supports the hypothesis. 
In this study the results of both step height and step width are presented as means for all the 
subjects, but it can be discussed if that is meaningful since the individual results may be 
dependent on the anatomy of the subject, e.g. size of the feet and length of the legs. 
Thus the measured distance between the knees must be corrected to get the distance between 
the feet. This can theoretically be done by using triangulation. If you know the distance 
between the feet and the knees, it is easy to calculate a constant for converting the knee 
distance to foot distance. Thus, this demands a calibration for each individual because of 
anatomical differences. This was done by putting a 15 cm spacer between the feet and record 
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the knee distance. The measured knee distance divided by 15 cm gives the constant needed to 
convert the knee distance to distance between the inside of the feet. However in this study it 
shows that many factors affect the result, e.g. the knee angle making this very uncertain. This 
calculation results in the distance between the inside of the feet but in many studies the 
between the center of the heels is specified. This is however not a problem if the system is 
used to compare e.g. results of rehabilitation or treatment for the same patient.  
 

6.4 Pilot patients 

Only three patients were tested, consequently no statistics were made. A slightly larger step 
width and a lower step height can be seen for the patients. A major difference in stride time 
variability was seen which also supports the hypotheses [2]. The cadence was at the same 
level for the healthy subjects and the patient group. 
 
 

7. Conclusion 

To conclude this work, the result of all temporal gait parameters is satisfactory. Although the 
results of distance measurements (step height and step width) is fairly good, a better distance 
sensors would be preferable, slightly larger working distance and better resolution can make 
the readings more accurate. 
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