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Abstract

In this report, | discuss my work on the control of a planar biped
robot. The robot is controlled by a simple algorithm, where move-
ment of one leg is triggered by a ground contact of the opposé foot.
The system does not work in a classic control method where thexact
position is tracked at all times but instead is unstable during certain
stages of its gait cycle and relies on its own natural dynamis. As it
falls forward the swing foot contact generates movement of lie op-
posite leg. Angle sensors detect when a hip or knee joint pass a
threshold angle, similar to muscle stretch receptors. Thiss more like
the way humans walk, and allows for slightly unstable terran and dis-
turbances. Better motors were chosen and tted to make the rdot
more robust. A USB data acquisition board interfaces the semors
and motors to a PC running Linux. After tuning the parameters, the
robot can walk smoothly at a reasonable pace. The motors do no
last long due to impacts with the ground and kneecaps, but therobot
still manages to walk with slight mechanical problems.
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1 Introduction

Runbot is a small, bipedal fast walking robot. It was originalf developed
in 2006 by Geng, Porr & Wergetter[1], based on local motor-sesor neural
networks that control human walking. Nikolai Bernstein in the1930's pos-
tulated that "local circuits" controlled animal movement, rather than the
brain. We tune these networks as a baby when learning to walkhén they
become largely autonomous[2][3]. The brain obviously has sdhieg to do
keeping us from falling over. It steps in when there is a change the envi-
ronment, such as approaching a hill or when it recognizes icecaremembers
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that it is slippery.

The original Runbot was driven by a pure sensor-driven contriglr, in-
spired by this biological model. It employs a policy gradienteinforcement
learning algorithm to tune its parameters in real-time allaing it to negotiate
a low obstacle or hill. It can also reach a speed of 3.5 leg lengfter second
after a few minutes of on-line learning. This is much faster #n any other
biped robot, and is comparable to the fastest human walk.

My aim is to have a simple control structure for walking, also basein
a sensor-driven way and using the dynamics of the robot. It willdin a
constant environment, with no on-line learning. My program W therefore
hopefully represent a simpli ed local circuit, whereby groud contact of one
foot generates a swing of the opposite leg. It should be able to tentrolled
by a minimal set of parameters.

This project appealed to me because it is exciting to work witthe fastest
biped robot in world. It is highly regarded and many hits are dund on
internet search engines about Runbot[3]. | have an interest iautonomous
robotics. Biologically inspired robots like Runbot allow us @ study and
mimic human behavior.

1.1 Aims

1. Set up Data Acquisition environment- Using Linux and the Comedi
Framework

2. Write control software - For fast, stable walking:
(a) Simple sensor driven structure that uses the robot's dynansdo
walk

(b) Algorithm for lItering sensor information to reduce interference

(c) Use digital ltering to implement a low pass Iter, which will
smooth foot sensor information to generate a less 'robotic’ walk

(d) Have a routine for data capture. Save all data (feet, angée motor
voltages, parameters) during run-time to a text le, to be anajzed
for benchmarking.

(e) Be device independent so other DAQ cards could be used with
software.



Figure 2: Runbot

3. Fit new motors - Look at better motors to resemble human joints, and
evaluate other mechanical properties to improve robustness.

1.2 Report Structure

The report rst of all describes the overall project setup and tle functionality
of the robot. The mechanical and electrical properties areistussed brie y,
as is the tools / software used to develop the system. Some inforioa is
included for setting up and maintaining the robot. The main cocepts of the
program and how it works are given in full detail along with a dscription of
the methods used. The results and conclusions are then discussed.

2 Design Environment

The robot is controlled by desktop PC. The interface betweerhem is a data
acquisition card, the USB-DUX][4]. More information is given in seion 2.1.2.
As shown in gure 3, the robot walks around an arena, kept in a gan path
by a boom. The boom only provides stabilization in its radial olection
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(Runbot's sagittal plane[5]), i.e. stops it falling to the sidebut does not
in uence its forward/backward stability. The trunk is free to rotate around
the boom, which can freely move up and dowrb]. The boom rotates on the
x-y plane around a central column and therefore is there only constrain
the robot to walking in a circle and does not aid its walking irany way.

The DUX board plugs directly into an ampli er, which also passesttrough
all other signals. The ampli er is connected to the robot via a 2-way cable,
suspended on the ceiling to keep out of the walking path. the ara has
rubber matting on the oor to give a bit of grip.

2.1 Hardware
2.1.1 Runbot.

Runbot is 23 cm high, has a trunk and 2 legs with hip and knee jas.
The joints are actuated by modi ed RC servo motors, which also ge angle
sensors. There is a mechanical stop at the knee to prevent the lowegy going
into hyper-extension, providing the same function as a humamkecap. The
feet are tted with lever switches which act as ground contactensors (see
gure 4). Most biped robots have big at feet to give extra stablity[5].
Runbot's feet are the same thickness as the legs, making themhligr and
easier to move. Their relative length, the ratio of foot-lent to leg-length,
is approximately 0.2, less than that of humans (approximatgl0.3).

As Runbot was designed for fast dynamic walking, the location dhe
center of mass was important[1]. It is made from aluminum alowhich is
light and strong. The ankles are unactuated and are also thece€ light.
Light knee motors allowed for the majority of the mass to be caentrated
on the trunk. (see section 3).

Joint Motors. The PWM based control electronics for the servo are stripped
out and the motor is driven directly from the ampli er. Potentiometers in-
side the servos act as angle sensors, giving a voltage proportidnahe angle
of the joint. The motors had to resemble as much as possible humgmts /
muscles. To be more robust, the original ones were replaced wittetal gear
versions (see appendix C).

The hip motor has to swing the weight of a whole leg forward so has
to have a decent torque. The HS-625MG servo from Hitec was chosdh.



(a) USBDUX and ampli er

(b) Block Diagram

(c) Arena

Figure 3: Block Diagram of Runbot system.



Figure 4. A spring aided system whereby the foot hitting the grawd closes
the micro lever switch gives sensory feedback. The lever adds somore
spring sti ness which cushions the impact

has a torque of up to 6.8 kg.cm. The knee motor has to swing thewler
leg very quickly for foot clearance, but experiences less ¢qoe. There-
fore the HS-225MG was chosen as it is light and fast, having a speef
0:11 see6(( no load). This is the time in seconds for the servo to reach 0
to 60°, similar to a car's 0-60mph time. The performance of these ma®is
discussed later.

2.1.2 USB DUKX.

The link between the PC and the robot is a USB data acquisition ¢d. The
USB-DUX provides 8 input and 4 output analogue channels. Its optts
are D/A converters for supplying the motors with an analogue sltage corre-
sponding to a digital value sent by the PC. It has a maximum outpucurrent
of 20mA, so a power ampli er is used to drive the motor with enoughburrent
(see gure 7). The input A/D converters process analogue inforation from
the robot's sensors and this data is sent as a digital value to theC. The
DUX board packets all channel data together and sends it in a USBaime
and provides a sampling rate of 1kHz. It can be set up to run in thedak-
ground. Inputs and outputs both have 12-bit resolution and aa be set up
as unipolar or bipolar.



Figure 5: USB-DUX[4] Block Diagram

2.2 Software
2.2.1 Linux.

As said, the robot is controlled by a desktop PC. Using a micro-carmtler
would make the robot more portable, without having to constre it by a
cable. However this way has many advantages. Mainly it has a 1GHhbzo-
cessor, so it has plenty of power for doing calculations and pessing. Using
oating point arithmetic is unviable for most micro-controllers. It has plenty
of RAM, and easily interfaces with an external card (DUX) to o oad the
I/0 processing. USB-DUX works under Linux, using the comedi franveork.
Three di erent environments were used:

1. Debian - Lab PC: The main set up in the lab. This is where almost
all the development was done.

2. Ubuntu - Laptop: Dual-boot system on laptop to boot either inb XP
or Ubuntu. Used for data manipulation and debug with Scilab, makg
graphs and writing the report.

3. Knoppix - Boot CD: Can use this on any PC to run a live CD version
of Linux. For non-linux users, it can run USB-DUX based programs
and save the results onto a ash drive, then reboot to windows. Itan
also be used to x boot problems, e.g. if a problem with the Linux
installation a ects grub (the boot manager that controls whch OS to
boot into).



2.2.2 Comedi.

\Comedi is a free software project to interface digital acgsition (DAQ)
cards. It is the combination of three complementary softwaritems: (i) a
generic, device-independent API, (ii) a collection of Liny kernel modules
that implement this API for a wide range of cards, and (iii) a linux user
space library with a developer-oriented programming intexda to con gure
and use the cardg8].

The project's source code is distributed in two packages, comeaid comedilib:
The USB-DUX driver is part of the comedi framework. The driversare im-

plemented as the combination of one single core Linux kernebuwfule (called
"comedi") providing common functionality, and individual low-level driver

modules for each device.(i) and (i) are incorporated in comedi. (iii)) -

Comedilib contains a user-space library that provides documtation, con-

guration and calibration utilities, and demonstration programs. It has many
abstracted functions that allow the program to be device ingeendent. For
example:

int comedi_find_subdevice by type(comedi_t * device, in t type,
unsigned int start_subdevice);

This function probes the DAQ card and returns an index to onefdts sub-
device (attached DAQ cards are known as devices in comedi, siglvices are
groups of specic functions, e.g. Digital /0O, A/D out, D/A in et ¢). It
tries to locate a subdevice belonging to comedi device 'deichaving type
'type', starting with the subdevice 'start_subdevice'. If it does not locate the
requested subdevice, it returns -1 and sets the Comedilib erraumber to
XXX "subdevice not found". The example below shows how it can be use
When setting an output (e.g. driving a motor) the programmer an now
write to the handle subdevoutput, which points to the correct subdevice re-
gardless of which DAQ card has been plugged in (COMEBUBD_AOQ refers
to an Analogue Output).

subdev_output = comedi_find_subdevice by type(dev,COMEDI_SUBD_AO,0);

2.2.3 Emacs/ Gecec /L ATEX.

GNU Emacs is a highly customizable text editor[7]. It has cont#-sensitive
editing modes, including syntax coloring, for number of le tpes includ-
ing source codes for various languages, plain text, HTML andTEX. GCC
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is the compiler used to compile and make the program, writtemiC and
C++[9]. LATEXis a document preparation system, used to write the report.
The project site describes it as the \de facto standard for the camunication
and publication of scienti c documents”[10]. It takes contrd over the for-
matting of the document, which is governed by a class type thesar speci es
in the \preamble" (the header section of the le).

2.2.4 Gnuplot / Scilab.

Gnuplot is a command-driven interactive function plotting program[11]. It
is quick and easy for plotting data from a le or mathematical éinction. The
Runbot program generates a step resporisashen the lter is set up at the
start (see section 5.3), to see if the chosenis suitable. To quickly check
this:

gnuplot> plot"hip_impulse.txt w Ip"

1 T T T

“hip_impulse.txt” ——
o8 f
06 ‘

04 F ‘

02 ‘

0 20 40 60 80 100 120 140 160 180 200

Figure 6: Gnuplot graph: Step response of FIR lter. 'w Ip' prirts the curve
With Lines and Points

Scilab is a bit more advanced. It is an open-source equivalent Matlab.
It was used to analyze the data from the sensors and motors. It cannvert
data from a text le into a matrix variable, which can then be integrated,
di erentiated, biased etc.

1The impulse response function was modi ed to give a step response, hence the le is
still called x_impulse.txt
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2.2.5 Eagle.

EAGLE is a powerful layout editor for designing PCBs and schentias. It
stands for \Easily Applicable Graphical Layout Editor"[13].

(a) Printed Circuit Board (b) Schematic

Figure 7: Eagle Layout Editor: Amplier design drawing(C) 20(%, Bernd
Porr

3 Dynamic Walking

The main idea is to generate movement of swing leg from groundntact of
stance leg. In more detail, the voltage applied to each motos ia function
of the stance foot signal. The integer value representing theetesensors are
normalized between 0 and 1, where 1 represents ground contaghey are
converted to oating point numbers and fed through a digitallow-pass lter
(section 5.3). This is used as the foot signal.

The actual code sets up slightly di erent variables but worksn this prin-
ciple. During a walking phase the motor voltages follow the ave equations
until an angle threshold has been reached, therefore thereféedback on an-
gle positions of the joints but it is not used as absolute positiotracking or
control. It is only used to determine when there is a ex or exted threshold
of a joint. This is comparable to the human network. Each muselhas im-
portant sensory structures called stretch receptors, which mdor the state
of the muscle. For example, when you try to touch your toes, you ight
reach a point while stretching that you can't surpass. This is beaise the
stretch receptors operate like brakes to prevent injury[14]
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Vswh = Sswh (+ Gh) Fs (1)

Vsth = Ssth - ( Gn) Fs (2)
szk = stk ( Gk) Fs (3)
Vsik = Ssik  (+Gx) Fs (4)

Figure 8: V, = motor voltage (swh - swing hip, sth - stance hip, swk - swing
knee, stk - stance knee)Fs = ltered stance foot signal, G, = gain of the
hip/knee, S, = the sign of the motor, e.g. it could be -1' to allow for a motor
being wired in reverse. It also lets one side be biased di erentthan the
other. E.g. by makingS;, = 1.1, the left hip motor will be driven slightly
harder than the right, to compensate for any mechanical di e¥nces

In the original Runbot design, one stretch receptor was moded for each
leg to signify the AEA (Anterior Extreme Angle) of the hip joint[15]. The
function is only to trigger the extensor re ex on the knee joihof the same
leg (straighten swing lower leg). The phase (swing or stance) isnepletely
determined by ground contact information. My program follavs this idea by
evaluating stance and swing feet and checking for swing hip aagixceeding
a threshold (AEA). Other angle thresholds exist for exion and ex¢nsion
of all joints to ensure they do not over ex/extend. Figure 9 wa taken
from an article by the original developers, which describes Wwathe walking
pattern is generated by the whole system using the electrical @mechanical
properties of the motors, the limbs, and the environment, in cdrast to
other walking robots which use a central pattern generator ithe form of a
neuronal oscillator[16].
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Figure 9: A series of frames of one walking step. In the rst framehe robot
relies on its momentum to rise the trunk forward as the leg swirsg At the
time of frame 2, the stretch receptor (AEA) of the swing leg is actated,
which triggers the extension of the swing knee, and it starts falg forward
(3). In frame 4, the swing foot touches the ground. This groundontact
signal triggers the hip extensor and knee exor of the stance legs well
as the hip exor and knee extensor of the swing leg, i.e. it start® swing
the opposite leg forward. Thus, the swing and stance legs swap thesles
thereafter.

4  Structure of Program

The program was split into three parts: initialization, main lbop and closing.
The initialization section sets up the program environment, .g. the lters,
comedi structures and sets the parameters to default values.\&in leaving
the main loop, the closing routine deletes variables, closesed and devices
and ensures the motors switch o. Many tutorial and 'hello wordl' type
programs were experimented with before and during writinghte program
to get familiar with the di erent libraries used. Appendix A lists the main
source les used, and gives the link to where they can be downtied.

4.1 Initialization
4.1.1 File.

Open a thread for saving run data to external les. All les are ceated in
the working directory, i.e. the one containing the main progam. The main
data les are angledata.txt and motordata.txt (section 4.22). The rst line
of text is added in these les to give a legend for the data.
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4.1.2 Filter.

Four instances of Iters are created, one for each joint. Thegre set up as
1st order Low Pass FIR lters. If no command line arguments wereead
the default time constants are 0.5 for the knees and 1.2 for theps. A step
response for each is generated.

4.1.3 Comedi Device.
The device is opened through comedi:

char filename[] = "/dev/comediO";
dev = comedi_open(filename);

'/dev/icomediO’ is the location of the rst USB comedi device onthe
system. The device is then probed to nd input and output channke and
their physical characteristics, such as range (e.g. 0{4.096v,2{+2 etc),
maximums, units and references|8].

4.1.4 Command Structure.

Comedi allows for background streaming acquisition (see secti®.5). A
command structure sets up the characteristics of the requiredreming ac-
quisition. The command capabilities of the subdevice are pred and the
results are placed in cmd. The required period for sampling (inano sec-
onds) is then tested. The cmd structure can be modied to sample &
required channels in the required order.

comedi_cmd *cmd = new comedi_cmd
\Idots
int r = comedi_get_cmd_generic_timed(dev, subdev_input, cmd, n_chan,
(int)(1e9/Hz)); /I Hz=200 : 5ms
if(r<0){
printf("comedi_get_cmd_generic_timed failed\n");
exit(-1);
}

for(int i=0;i<n_chan;i++){
range[i] = range_input;//0~4
chanlist[i]=CR_PACK(i,2,aref);
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}

cmd->chanlist = chanlist;
cmd->chanlist_len = n_chan;
cmd->scan_end_arg = n_chan;
cmd->stop_src = TRIG_NONE;

cmd->stop_arg = 0O;

It then has to be tested to see if the trigger sources and argumendre

valid for the subdevice.

If an argument is invalid, it will be ajusted to

the nearest valid value. In this way, for many commands, it candtested
multiple times until it passes. Typically, if it is not valid wit hin two tests,
the original command was not speci ed very well[8]. If it is swessful, the
streaming acquisition can be started by issuingomedi.command()

ret = comedi_command_test(dev,cmd);

if(ret<0){

comedi_perror("comedi_command_test");

exit(-1);
}

fprintf(stderr,"first test returned %d\n" ret);

ret = comedi_command_test(dev,cmd);

if(ret<0){

comedi_perror("comedi_command_test");

exit(-1);
}

fprintf(stderr,"second test returned %d\n",ret);

if(ret!=0){

fprintf(stderr,"Error preparing command\n");

exit(-1);
}

[* start the command */
ret=comedi_command(dev,cmd);

if(ret<0){
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comedi_perror("comedi_command");
exit(1);
}

4.1.5 Display.

The 'curses’ library is used to provide a simple GUI that allows usanput
and feedback. It is set up to display the tuning parameters, whiccan be
edited during run-time. This is possible as key-presses can bedred rather
than asking for a key-press and having to waitnoecho() turns o text echo
giving complete control over what data is displayed.

4.2 Main Loop

Elements of the main loop are described below.

421 Read.

1. Get buer contents / Parse. @ Samples come in every 5ms. Wait
until they arrive, which regulates the timing of the program Bu er is
checked and ushed if there is there is an over ow

for(int i=0;i<MAX_CHANNELS;i++) {
avgAD[count_avg][i] = ((sampl_t *)buffer)[i];
}

All channel data is packeted and sent in one USB frame. This splits
up to the correct format.
(in: bu er, out: avgAD[])

2. Noise Rejection. Median Filtering - avgAD[] is a 2-D array for storing
previous values of data for all channels. See section 5.2.
(in: avgAD]], out: xx_data)

3. Convert to oat (volts). The angle data is biased so that left and right
sides are in a similar range. They are then converted to volts ag:
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Table 1: Format: Writing one frame of data to angledata.txt aad motor-
data.txt

timestamp| HL HR KL KR FL FR
e.g. 15 | 2729 2729 3439 3443 2425 2406n | angle values

e.g. 55 | 3500 1800 1255 2045 nn X X | motor values

double comedi_to_phys(data, range, maxdata)

(in: xx_data, out: xxvolt)

4.2.2 File.

Save data for current frame to a le. Table 1 shows what the le( method
writes to the text les angledata and motordata A counter is incremented
on every iteration of the main loop. The wait() command waitsuntil a full
packet is received from the USB DAQ card which occurs every 5msSo
the count is multiplied by 5 to give a time-stamp in millisecond, which is
inserted in the rst column of both les. The parsed raw data from he
A/D is recorded in the next columns inangledata The raw data sent to the
motors is also placed in the next columns ahotordata. Then a newline is
written in both, to be ready for the next frame.

4.2.3 Get Input.

Read if the user has pressed a key on the keyboarehgetch() grabs the
character. Itis evaluated in a case statement. Pressing the UP/D®N arrow
key increments/decrements ‘cursor’. This variable is evalied when the
display is refreshed to show which parameter is selected (the it gure 12).

Pressing LEFT/RIGHT arrow keys triggers the updateparam(cursng ag)

function. Cursor provides an index to the parameter to be updad and ag
speci es whether to decrease(LEFT) or increase(RIGHT) the vakiby 0.05.
Pressing 's' - saves current parameter values to a le ‘params.txand quits.
'g' quits without save.
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4.2.4 Joint Control.

The stance is set by evaluating ground contact data. Whichevéoot signals
ground contact is assumed to be the stance foot. For a short peri@d the
walking phase the swing foot falls forward and both feet gendeaa ground
contact signal. This is called the double support phase[19] anl this case
the hip angles are compared and the side with the larger angle set as
stance. The joint control function is then called, passing the ahce to it.

1. Filter feet data - See section 5.3.
2. Process data and set motor data according to equations in g 8.
3. Check for thresholds and update motor data if necessary.

4. Write to motors.

4.2.5 Refresh Display.

By using the modulus operator, the refresh rate of the screen céme con-
trolled. The if condition in the code below is only TRUE when cont_loop is
a multiple of 25. This gives a refresh rate of:

1
Ems 25 8Hz (fps) (5)
This was quick enough for the simple GUI. It has a static backgrou and
only the parameter values need to be updated.

count_loop++;

if((count_loop%25)==0){
display_iface();
update_display();
wrefresh(screen);
refresh();
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Table 2: Params.txt: Values ( oats) saved during successful run
Parameters saved
2.45 gain_hip

2.45| gainknee
0.50 K tau

1.20 htaul
2.90 maxhipL
2.50 minhipL

3.37| maxkneelL
1.75| minkneelL
2.90 maxhipR
2.40 minhipR

3.37| maxkneeR
1.75| minkneeR

5 Experimental Techniques

This section explains the di erent techniques that were usedtsolve speci ¢
problems in developing the system. Processes involved in setting and
running the robot are also described in appendix B. The overadpproach to
the project was to write a main structure to get the robot almostwalking,
then tune the parameters involved.

5.1 Tuning Parameters

Table 2 shows the parameters, along with the values found to beitsble
during tuning. The hip gain and maxhip L/R (hip extensor threslolds)
were the most important ones. The other parameters are initiged in the
runbot xx.h le (appendix A).

After the main structure was written and the robot was generatig some
movement, it had to be tuned. At rst, the trial and error process was very
slow as it involved recompiling the program every time. Aftermplementing
the curses GUI, the tuning could be done on-line. This was muclasger and
it was walking con dently soon after.
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5.2 Disturbance Rejection

The sensors are susceptible to electrical noise from the envircemh Motors
emit large electromagnetic interference which can be piakep in the signal
path of the sensors. If a short transient spike occurs on a sample, {r®gram
reads an error. The angle sensors are housed in the same case as tters)
so the incoming data is processed in order to combat this. The idesto store
a few previous values of the data and perform averaging to sntbaut the
spike. Normal averaging (taking the mean of a value and two prsus ones)
is unsuitable. Figure 10 illustrates this, taking the three vales as being (s1)
120, (s2) 230 and (s3) 130 as an example. When processing these\e gi
result for the third sample, the average value is 160. Valuesamd the error
sample are all similar so the data is 'blurred' at these points. Iffte median
value is taken (130), the noise will be easily Itered out.

Figure 10: Interference: A false reading generated from a taaje spike

This is known as 'median Itering' and is non-linear. There & di erent
median Iter algorithms that are used a lot in image processingaxtremove un-
wanted spots[17]. An easily implemented sorting algorithm, caltl a bubble
sort, is used to nd the median in the read() routine:

bool swp;
sampl_t swpTemp;
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dof
swp = false;

for(int j = 0; j < numBub-1; j++){
if(avgData[j] > avgData[j+1]){

swpTemp = avgDatalj];
avgData[j] = avgDatalj+1];
avgData[j+1] = swpTemp;
swp = true;

}

}
twhile(swp);

/ldata now bubble sorted - take median value
data = avgData[mid];

This is OK for a small amount of data (numBub made 3 or 5 for easily
picking the median) but this was being done on a 2d array, 6 x mBub,
containing the last 3 or 5 values for 6 variables (A/D inputs) so te above
code runs 6 times, plus other necessary code. Bubble sort is on¢hef most
ine cient sorting algorithms, if the smallest number is at the top it will take
a long time to sort. Since the data does not need to be to totallsorted (just
need the median), a quick 'hack' could be used if this method teo slow.
A less demanding way would be to keep a running count of the dirence
between the last two values. If new value diers by a lot more tha this
expected di erence, then just throw it away and reuse the prewus value.
After tting the new USB card, reducing numBub to 3 and tidying up the
code, the bubble sort way worked ne so was kept.

5.3 Filter Class

Digital Itering is performed on the foot sensor data before biag used as a
control signal for the motors. This is to smooth the sharp step in V@age
from the ground contact signal to make the leg look less 'robati
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FIR Step Response

Input / Output (float)
o o o < o o o o [
P T R PR T SV SR

IS} o
in T

[
|
1
|
|
|
|
I
|
|
|
|
|
|
|
|
|
!
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
T
0

o
o

T T T T T T T T T T T T T T
100 200 300 400 500 600

T T T
700 800 900 1000

o

Input N
Output time(ms)

Figure 11: Scilab - Plot of the lIter's response to 'top-hat' type input similar
to the feet data, with =4:5

A Finite Impulse Response (FIR) lter is used. A typical 1st order bw
pass characteristic is attained and the required is chosen. 200 taps are used
and the co-e cients are:

w; = () (normalized) (6)

In this context, the step response shown in gure 11 is a more useful
measure than an impulse response as it is the same type of input as fieet
data. Feet data is normalized to be 0.0 for no contact and 1.@rf ground
contact. Depending on how fast Runbot is moving, a foot will ben the
ground for a certain amount of time, generating a 'top-hat' saped signal.

5.4 GUI

The Graphical User Interface gives visual feedback on optionsich current
status and allows the user to change parameters during run-ten It was
generated using the curses library. A static background showirtbe Linux
mascot, Tux is displayed and the parameters are updated at a ebf 8Hz.
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Figure 12: Screenshot - The GUI created using the curses libraryThe
bottom left 4 variable are the voltages read from the angle ssors. Above
that, the two time constants of the digital Iters. These cannotbe edited
during run-time.

5.5 Streaming Acquisition

The analogue input subdevice was set up to stream data asynchraoisty to
the program at a sampling rate of 200Hz. As the data being sampled i
based on the movement of limbs this is fast enough. This processs in the
background, lling a streaming bu er. The read() function grabs data from
the device:

unsigned char buffer[32];
count2 = 0;
while ((comedi_get_buffer_contents(dev,subdev_input) ) == 0) count2++; //wait

if (read(comedi_fileno(dev),buffer,16)==0) {
fprintf(stderr,"Error: end of Aquisition\n");
exit(1);

}
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Table 3:

Tuned: | Fast | Slow
Lap time (s)

1: 8.5 | 10.7
2: 8.2 | 11.0
3: 8.6 |10.8
4. 89 | 10.1
5: 8.8 | 9.8

It waits until there is data available then reads the data inb an array of
‘char's, which can be parsed into meaningful data. The PC used wajuite
old and the USB controller had problems reading the bu er and viting data
(to the motors) in the same loop. It slowed the program down and #bu er
would regularly over ow. A new USB card was purchased and the pblem
was solved. The count2 variable is used to determine if the burdnas leftover
data.

6 Results

The robot was able to walk at a satisfactory range of speeds aralnhe

arena. After settling on a set of parameters, it could do up to 7-&ps (full

rotations around the central column) before losing balancerigure 3 shows
the arena layout. The boom is 1 metre long,

) llap = dt 3:14 m. (7)

Various lap times were recorded during the testing stage. TabBB shows
di erent times taken for two sets of parameters. The speed can lavaluated
ast 3.14 / (lap time) in metres per second. The fastest and slowest laps
therefore give the range of speeds that the robot can achieve:

3:14=8:2 = 0:383 3:14=11 = 0:285

) 285s 383(cm=9 (8)

The time taken for it to go 10 steps was also averaged over a numloé
runs, and from this the cadence was about 2 steps/sec. This is egalent to
120 steps/minute, which is considered a normal walking speed farmans|[6].
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Figure 13: Plot of data read from A/D over one walking step (roulgly
0.86s 1.86s). The feet data signi es a ground contact as 0, and the Hikmee
data signi es extension as a positive increase.

A useful measurement to be able to relate the results to other e walking
robots or animals is the speed in leg-lengths per second. Thetést speed
recorded was 38.3 cm/s:

383(cm=9=23(cm=leg = 1:67 (leg-lengths/sec) (9)

This is fast compared with other biped robots. It does not matctihe
speed obtained by the original Runbot (3.48) or by humans (4{&][5]. With
more time for tuning, and without the motor problems (sectior6.1), | feel it
could have been signi cantly increased.

Figure 13 shows the raw data read in from the robot, over one cpete
walking phase. (A) shows the ground contact data. The switch is nmally
open and it is connected to an analogue channel rather thangitial, therefore
a value of>2400 represents the foot being o the ground and 50 being on
the ground, e.g. att 1.4 seconds the right foot lands on the ground. (B) and
(C) show the hip and knee angle data where an increasing (decsewy) value
corresponds to an extension ( exion). Moment of lifto happers at 0.86s,
the right leg swings forward, its knee exing to avoid hitting the ground.
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Figure 14: Plot of data sent to D/A over roughly 5 seconds

At 1.067s, the right hip reaches its threshold angle, the hip nar switches
o and the knee motor extends the lower leg. It starts to fall foward and

the rst collision is at 1.4s, when the right foot switch signals tlat it has

touched the ground. The left leg now becomes the swing leg artetprocess
is repeated. At around 1.86s the second collision occurs andeowalking

phase is completed.

Figure 14 shows the motor drive voltage during the rst 5 secondsf a
run. The shaded area is one complete walking phase. In the darkgreen)
region, all motors are o. This means the robot is walking paseely, using
its own momentum. This is approximately 34% of the cycle. Eadndividual
motor is also shown to be o for around two thirds of the time. Ths indicates
an e cient use of energy.

6.1 Discussion

The main problems with the project is the motors. Without a spmg system
on the knee joint and the feet, they are not robust enough for thimpacts
involved. The impact of the kneecap was reduced by tting a rober piece to
act as a shock absorber, but the knee motors broke after a 2-3 w&¢esting.
The downward force of the robot hitting the ground is much grater than the
combined spring sti ness of the spring and lever switch of the footAs the
lower leg is held on by the xing to the knee motor, this forced transferred
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Figure 15: Shock absorbers - Rubber pieces were tted to the &ecap section.
This can be seen on the forward leg just below and right the cirtar horn.

onto the bearing. Changing to metal gears was an improvemehtt they
still were not robust enough. The bearing spindle that held the rddle set of
gears in place was itself only held in place by a plastic bossing the servo
housing. This quickly ripped meaning the gears would move owf place
and seize up. Also, the metal gears are heavier, and more mass sréifiore
on the knee joints. The xing that held the upper leg to the hip notor also
became loose, so the legs would move out of place and one footld/aiten
catch the other. Overall, Runbot was very stable and could stiwalk for a
while with these problems.

The program worked well, with the GUI allowing the parameterdo be
changed during run-time. Saving sensor and motor data to txt és allowed
the characteristics to be examined after a run. Even though #dre was a lot
of processing power on the PC, care was taken to keep it as e cieand low
level as possible, such as using integers rather than oats wheee possible.
Thanks to the comedi user library, it was made to be device-iegpendent
so it should work on other data acquisition cards. This was not veed
however. If the code in the main loop takes longer than 5ms fany reason,
then the time stamp will not be accurate and some data may be losAfter
tting the USB 2 card, the data transfer was very quick and this vas not a
problem. A late revision of the program was made to create thext les as

28



\name+date+time.txt" to keep multiple data les rather tha n overwriting
one le.

Robot-walkers are often based on closed loop control, wherepise joint-
angle control is attained by calculating positions and contiling motors at
every point in time. In contrast to kinematically controlling the motion of the
machine, Runbot considers the kinetics, ie the forces and iméetions that
produce the motion and exploits them. This is closer to biolacal walking
systems. Human muscles, joints and tendons are not highly precideelithe
actuators and sensors involved in traditional methods. Trajeory tracking
/ planning robots require continuous energy to control mots. Runbot uses
energy in a similar way to humans [5]. Figure 14 shows that engrig inputted
at the rst part of the swing phase then all motors are turned o asit falls
forward and in part of the double support phase (the stage whereoth feet
are on the ground)[19]. The body moves forward using its montem. Over
a third of the time no energy is being used, which is a lot more eient.

Studying biologically inspired robots such as Runbot is constctive to
understanding human characteristics such as neural networksdthe body's
dynamics. It could help in aiding disabled people, for exampl& robotic
assisted walking. Traditional robots, such as ASIMO are hand progmmed
to do very speci c things, which is not related to human walking As walking
is not under the total control of the brain, but by local circuts, the brain
is free to do other tasks. For example, we can easily \walk and talat
the same time". Runbot has this autonomous walking functionrad is very
robust. This idea can be extended to robotics in that local awits, for
walking and for other functions, could be represented modulgrby embedded
microprocessors, and linked together to a main processor (the bra Many
network protocols (such as CAN or MOST) exist to allow multiple ontrollers
to communicate to each other e ciently.

6.2 Suggestions for Further Work

As discussed, the weakest aspect of the robot is the motors. A tempira
improvement would be to implement a servo saver arrangement. #ervo
saver is a exible link between the servo and its linkage that mtects the
servo's internal gears from damage during impacts or stress. Thgess from
ground collisions is a much worse problem than the rotational iIggss from
the kneecap, so a stronger spring on the foot ( gure 4) to reducéé impact
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would be useful. Research into a new motor system to better reprasBuman
muscles would be a better solution.

An auxiliary program could be created, (e.g. using Matlab) to siulate
the run. The data les needed are already created. The anglesuld be fed
into a simulator to recreate the run. It would be good for demastrations,
calculations and for comparing with human walking. A study ito the mag-
nitude of power used by the motors in propelling the system coulske carried
out, giving further comparisons with human energy expendite.

Quantum Tunnelling Compound (QTC) could be implemented aseket
sensors. QTC is a exible polymer that is an insulator in its normhstate,
but when compressed it becomes a more or less perfect conductat able to
pass very high currents[20].QTC pills can be bought at an eleonics store
and are inexpensive. They are small enough that two or more cdube used
on the one foot giving pressure sensing on heel and toe. A new anepli
could be designed as a constant current source (in nite outputripedance)
and/or using PWM, to better suit driving motors.

7 Conclusions

The main concept of the project was to generate a simple wallgralgorithm
for Runbot. Walking was generated by a foot colliding with tle ground caus-
ing the opposite leg to swing forward, until it reached a threshd. The main
parameters were the gain of the hip motors and the hip extensthreshold
angles. This aim was met as the robot was able to walk round theema
a number of times before falling. The gait generated was sta&band looked
very 'human-like'. Runbot was quite robust and continued to walk with joint
problems. The walking system uses energy e ciently by being abk® have
all the motors o for 34% of the walking phase.

Problems were encountered because of the weakness of the nsptar
particular the knees. Even the metal gear versions used did novescome
the stress from ground collisions.

An understanding of the concepts involved with human walking as
gained along with learning to work in a Linux environment andyaining some
experience in programming using data acquisition cards. | fetfle project
was a success as Runbot gives a good recreation of a human gait.

Appendices
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Table 4: #include les: The main program (Runbot xx.cpp) includes these
libraries and source les.

| #include [ Comments |
Runbot_05.h 'include’ le for program. Contains declarations etc
trace.cpp Digital Iter class. Has FIR and IIR implementations
display.c Display related functions
jointcontrol.cpp | Joint control and parameter update functions
read.cpp Reading and processing data
comedilib.h Data acquisition related
math.h Mathematical functions and constants
curses.h Display related

A Media

The page containing media relating to this project can be aessed at:
http://www.rentronics.co.uk/runbot

It contains videos of Runbot both during development and athie nal
demonstrations, pictures, links to resources used and the full soa code.

B Con guration

Making sure the ampli er is unplugged from the mains, the USB-DUX is
plugged in to a USB port on the PC, you can check wittbdmesg(typing
dmesg at the terminal - prints kernel module messages) to see if asin-
stalled correctly. The 25-way connection on the DUX is pluggedirectly into
the ampli er and the custom cable connects the ampli er to therobot.

Auxiliary program: $./outp [chan] [value]

| wrote a simple command line program to zero all motors befotarning
on the robot. Type ".Joutp' (without any parameters) at termi nal to set all
output channels to Ov.

it is important to run this before plugging the ampli er into
the mains

The USBDUX does not set the DA outputs to zero by default so the
motors would shoot 0 at an undetermined voltage once the canas powered
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Table 5: DUX channels implemented in Runbot system. The full lisof
channels and pin-outs can be found on the USBDUX webpage[4].

USB DUX

Subdevice Channel(pin) | Function

0-1 unused

2 (6) Left Foot

3 (5) Right Foot

0: 8-chan A/D input - Sensors 4 (4) Left Hip
5 (3) Right Hip

6 (2) Left Knee
7 (1) Right Knee

0 (9) Left Hip

_ 1 (10) Right Hip
1: 4-chan D/A output - Motors 2 (11) Left Knee
3(12) RightKnee

pins 16-21 = ground

up through USB. Once run, the program prints the values sent tohie D/A
channels (literal value and in volts). The ampli er can then k& plugged in.

$./outp 1 3056 - sets channel 1 o/p of DUX (RH?) to 3056 (voltage ?)

The program also takes command line arguments to set a certaihan-
nel to any value. This is useful for testing individual motors #er a ret
(appendix C). Table 5 shows the DUX channels used.

Running the Program Once set up, the main program can be started
by typing ./run. The program takes two optional arguments toset the time
constants of the lters. If they are missing, the default valuesr@ used. The
Iter parameters could not easily be changed during run-timeand are not
as critical or as hard to tune as others, so they are xed at startp.

$./run [hip ] [knee ]

C Fitting new motors

The servo motor is opened up and the control electronics aremmeved. The
motor and potentiometer connections are soldered on to the 2&ay cable
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Figure 17: Motor Test Program Output- This allows individual motors to
be be tested. Running the program without any arguments willurn o all

motors

to be connected to the DUX. Figure 16d shows the upper leg afterdhhip
motor has been re tted. The space for the knee motor can be seedrilze left.

These spaces had to be led to allow the new motors to t as the diensions
were slightly bigger. Table 5 lists the pin connections for wimg.

(@) (b) (©

(d)
Figure 16: Modi ed Servo Motor.
After tting the motors, they can be tested using the test program./outp .
Writing values above 2047 applies a +ve voltage and below ams -ve. If

the motors or pots were wired in reverse, the sigxx variable in the main
program can be changed to ensure they are all the same polarity.
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