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Project description

. This projects goal is to make a gait simulator, in cooperation with Ossur hf., that can test
lo*s’a‘)rprosthetics. The robot should be able to simulate a walking person, especially an amputee.
The robot should be able to read data and simulate the gait cycle desired to test the product.
Diversity in gait cycles makes it complicated to design a robot that can change i‘f’s walking
. . a . la =
behav1our.eFo“r example, a woman has broader hips and an obese person has load
CA.

applied to E-Frejoints. The software/\‘rfeeds to be sufficiently modular to allow development with
many possible configurations of hardware and sensors.

The need for this robot originates from the difficulty of locating good product testers, few
amputees are willing to travel and walk on a treadmill for hours. (4/4 re 5 ppce
There is an aggressive schedule for making this robot a reality. The goal is to have a run-

ning prototype with two motors, for hip and knee, moving in t lane before the 3 |
week period (23.04.2012) beging In the 3 week period the plan is t6 build the next prototype |
which will have a mechanically designed hip and pelvis with addgd degrees of freedom. / /\@;,
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Initial research ],n&/GJLJ 05

At the beginning of the course, the group was split into sub-
tial research on required movements, torques and design elemients. The groyps had internet
meetings with specialists from MIT Biomimetic robotics labland Ekso Bionicsy which gave the

group an idea how to approach the problem at hand. Pétur Sigurdsson in the department of
sport science also gave valuable input on the gait cycle. _ _
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Pelvis (Qﬂcc‘{'ly = bi,’, how ;Vavy?/ how 5‘}'/»«5 /Gs(’?)

The pelvis group had the objective to research and design a mechanical pelvis that cooperates
with the hip, knee and ankle.

ups for each joint to do ini-

Requirements and ideas

e The width of the pelvis has to be adjustable for different sizes. For example switch
between the size of a female pelvis and a male pelvis. (‘d;m,\;.onSP )

e The required movements are lateral tilt and side rotation. d;q Om ,.,?

e Implementing forward and backwards motion is not feasible for the given time frame.

Our idea of a solution is:

e To use a ball joint in the middle of the pelvis.
e Use wires to control all needed movements (lateral tilt and side rotation).

e To find the relative positions of the rotational axes for the pelvis and hip.
it

° Thgllr}lgchanism to cor&rgl tge width of the pelvis should at-the-early stage of development
N mod o

be manual, easily to be controlled electronically.

e The tolerances for the tracks and adjustmentgneed to be further researched.

e Needs to be able to handle the forces that act upon the pelvic region and the ones that
translate into the support mechanism.

e The support meck‘@n‘iﬁ needs to be relatively light and portable. It should be easily set

up as well. The }77 of it is very important to minimize the error, especially when
the foot pushes down.
Sal |

e Requirements for the, motor$ Small working angle, hish torque, high speed, accurate and

high repeatability. (e 5%;«;[‘@0{ zuan 4—'1", es '>

e Sketches are in Appendix - C.



Hip ;
The hip group had the objective to research and design a hip joint that could get the degrees
of freedom needed to approximate human gait.

Research
NEW
A GAIT  Initiaz  Loading  Mid- Terminal initial Mid-  Terminal
TERMS Contact Fesponse stance Stance Prggwing Swing  Swing  Swing.
CLASSIC Heel Foot Midnce Heet Toe Mlin Heel
B GAIT  Stike Flat off oft Strike
- TERMS Acceforation,  Deceleration |
= e STANCE PHASE o 4 SWING PHASE ~—msi
c 0 10 20 30 40 50 80 78 &0 S0 100
% of GAIT CYCLE
Figure 1: Diagram of a human gait cycle and classic gait terms. [?]
he : : N ced  a Slf? '('CL]
e Initial contact - Flexion (30 degree thigh forward).

fo C/“f'(}e

Monre N,

Loading response - Function (maintain hip stability).

Mid stance - Extension (30 degree flexion to full extension).

Terminal stance - Hyperextension (3 degrees).

Pre-swing - Flexion.

Requirements and ideas

e The hip joint has three degrees of freedom, therefore it needs three motors to move in
three different planes.

e Has to be strong enough to handle the load of 120kg.

Rk
i+

Material Low cost Strength Easy to work with-
Aluminum 2 2
Stainless steel 3 3
Mylon plastic 3 1 3

(6Tnas h
Figure 2: material of'Uh’OTBg —paf P -

By comparing the materials together where 1 is the worst and 3 the best. Cost has lower
significance than strength and workability and that is why aluminum is the best choice for

building the hip joint. Stainless steel is also a possibility but it is more expensive and harder
to work with.
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In figure 3 there are three motors thet-each controlg one degree of freedom. The universal
joint, idea 1 from figure 3 has a flaw where there is not enough space for the motors and therefore
does not fulfill the projects requirements. Figure 4 shows the idea for the Agile eye/[?]) The
concept for the Agile eye is better explained in the Agile eye section—.';ffdea shown infrgure 5
also requires three motors, one for rotation, orffor movement front and back and one for side to

“'side. The one for the rotation is intended to be on the pipe close to the joint. The other two

/" are intended to be normal spur gears. { A/QQOQ ann ﬁ‘[’a N on 7’%1_ "% s 'é?
. ¢l n
( L explmx movemont)

Figure 3: Ided 1, universal joint € on (_Q_P’\' '(\ or A\f’

Figure 4: M‘che Agile eye Con QP+ "(;/‘ l\P
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7 Requirements | MESUIES
1 The Ioad bearing Someﬂf& Static analvsu
Needs to be able to carry | capacity could e 7 —'L /
weight of 120 kg. needsto be able to carry | breakor go d A S J a WAVS
the weight of 120 kg. wrong opdtocis £gSw M /
2 | Needsto be able tomove;
2.1 Flexion (60° thigh
fi d}. Extension (f
?:N o ;j ension | rmﬂn 3 motors Lack of velocity careflily sty
60° flexion to full extension) " oF the torque
22 Sbdustion{ o%) 2 motors + dusl air jacks torquse required for the 23 /
adduction {30°) i ! A motors and A
2.3 Rotation (90%) choose motors
accordingly
3 | Power supply for motors: .
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mavement movement of
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4
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break
5
5.1 Thelgwing motion Jor the e /h ﬁ,g 7,
gait cycleis 0.4 sec. Z
5.2 The stance motion for m lh ?.
the gait cycleis0.6 sec.

Figure 6/ The FRDPARRC for the hip joint.
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Knee

The knee group had the objective to research and design a knee joint that could simulate the
movement of a human knee.

Ne fhese
Research S 1(64’0‘\ o‘C
Stance phase - Flexion, Extension, Flexion. /

Swing phase - Extension.

Initial contact - Extension (-2 to 5 degree flexiond), 6 ( m'_‘,./ tive

Loading response - The knee can be hyperextended to -2 degrees. This means tﬁat the
knee has to have a convertible knee joint which can vary from 4 to -2 degrees.

{\? e Mid stance - 5 degree increased flexion, then extends to 12 degree flexion, to keep stability.
)
- e Terminal stance - Completion of extension, then flexion starts again at the end.
Y
G e Pre-swing - Flexion(up to 40 degree) to prepare for the swing. 19
b et /VLO;WV%/ ' -
: . = C)' ' Lis L, AR AV 72 APl b ¢
Requirements and ideas o i e F hi V{,‘,,;w%
/“LL wJe © )
e A simple motorized hinge joint. — Acstrece -
e Four bar linkage mechanism. yes nex+ 5,"@
e Hall effect sensors position sensor. ﬂ?eo( @( elso.

e Accelerometers and angular position sensors to determine position and movement.

#
g Beaser };ﬁr W’:{”’&“y

poxifign

-3 |
Figure 7: The first Ides. for the knee

This design and the construction of this joint was halted due to Ossur hf. providing a complete

Power Knee for use. 54"” P\(’Cﬁ( 74) [(RO/‘wﬂé( W[m" )/ak /e.rne'( .I



Ankle

Research

e Initial contact - Neutral (90 degree), slight dorsiflexion. Preparing for response.
e Loading response - Plantar flexion (10 degrees). Function: Shock response.

e Mid stance - Dorsiflexion (from 8 degrees plantarflex to 5 degrees dorsiflex). Function:
Allow forward progression of tibia.

e Terminal stance - Heel rise (doriflexion up to 10 degrees)

e Pre-swing - Plantar-flexion (20 degrees). Function: Initiate knee flexion for swing. Slight
dorsiflexion in the ankle to prepare for ground contact.

Fl‘\ Q%»v\\iw/:ﬁ ?_ ”
Requirements and ideas R s U L

e FElectrical motor for flexion. & \ﬂ,%éﬁ

-

¢

L AR (R
e Angular position sensor.

e Pressure sensor to determine when ground contact is established.

e Flexible sole
e Double hinge joint to replicate human ankle.
e Springs or elastic for shock absorption

e Motorized for natural push off and natural ankle flexion.

This design and the construction of this joint was halted due to Ossur hf. providing a
complete Proprio ankle for use.

Shetches o what wes /0’77‘90560(’>



Gait analysis

e i
A gm‘.1$ went to Ossur hf and recorded data in their gait-lab. They recorded approximately 60

seconds worth of angular positions, accelerations and velocities at a sampling rate of 120 Hz.
When the data was analysed it was verified that the data points would serve well as input data _
for our robot. WLﬁ‘,' Kand o‘€ m‘,(7 552 W‘y 3 (-‘—o( 42 Accuracy( of ecocdsey
l‘vpu‘f‘ LLL A o/t
Angle as a fuiction of time f(.so ,0\+1‘ ’l .
70r
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Figure 8: 9 second part of the recorded gait data, i.e. flexion and extension of the right hip

and knee in the sagittal plane. Positive and negative values indicate extension and flexion
respectively.

Financial research

Initial research was made to estimate funding needed for the project. It was done with a three
point analysis with 95% confidence level, i . Estimated cost was about
1.3 million ISK. Risk analyses were made and the pessimistic scenario could see the cost rise
to two million. While the optimistic case estimated the cost to be around 1.2 million ISK. In
the worst case scenario the cost could rise above two million ISK. This was presented to Ossur
hf, the conclusion of that meeting was that ”wwould rakhes-provide the project with the
materig‘l eg%i‘c‘(.);’nponents needed rather then giving the project a budget.
We_ Fo have-s overview of all material received from Ossur hf, Reykjavik Univsr ity and items
(/l ought by students. T-he*efe—reA,—n inventory list was created in Google docs—All ¥ables are in
( h

e Appendix B finances. fp ¢ #e 57(’::‘{’“5 as o’( Ms), /0} 200,
/7 bo‘-o"'f
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Agile eye

Seemed Plbmsuv r /
The-tdea—witl the Agile eye isteo-use-it—te implement/the hip movement® The idea for using
this mechanism came from our initial research, where a similar device had been used in Lisa
the robot which was built in Hannover Umversmy@ The agile eye has movement with three
aegrees of freedom which we need for the hip joint. The design of the eye can be seen in figure

9. This design was sent to Ossur where a prototype was printed with their 3D printer, it can
be seen in figure 10.

Figure 9: Drawing of the Agile eye

Figure 10: Printed prototype of the Agile eye



Kinematics ( © L / 5l be LR

A solution for the direct kinematic problem of a spherical three-degree of freedom manipulators
like the Agile eye leads to a polynomial of degree 8 which results Jn maximum 8 solutions. A
simple closed form solution for these manipulators can be found ing\]}‘ This closed form solution
can be used for the Agile eye, but has to be altered so that the data obtained from the gait
analysis can be used directly to solve for the movement of the actuators. In @], the movement
of the actuators is solved using the relationship between the actuator angles and the Euler
angles from the reference frame of the platform and the frame of the rotated platform. The
hip data acquired from the gait analysis represents the movement with Euler angles involving
successive rotations about the Z, Y and X axis. To use the solution mg;] the data needs to be

i

converted to Euler angles with rotation about ‘?he reference frame of platform, that is done
using Rodrigues* rotation formula. (c("ﬁ-/’.on : )

Trot = Tcos O(k x 7) sin 0k(k - B)(1 — cos 6)

When this transformation has been done the actuator angles can be found according to@s. The

Figure 11: General architecture of a spherical three-degree of freedom parallel manipulator with
revolute actuators @P

u; ,i=1,2,3 are orthonormal unit vectors that describe a frame on the base along the actuators
and have the vectors

ur = [100]7 , ug = [001]7 , ug = [010]7
According to figure 11 the vectors on the platform can be described as
Vi = [0 = 10]T y Ugp = [—100]T yUgp = [00 T 1}T

By rotating the u; vectors using rotation matrices X,Y,Z describing the data plane can be
obtained. Using Rodrigues’ rotation formula the rotation of the reference frame v;; can be cal-
culated from rotation of X,Y,Z. The rotated reference frame is noted as v; ,i=1,2,3. According
to figure 11 the link angle a; is equal to 7/2 and intermediate joints can be described as.

0 —sinfy cosls /V 2
1171 = —S'I;’I’L@l ?.Ug = 00892 1173 = 0
costl, 0 —sin0fs

10



since link angle a; is also equal to 7/2 the dot product of w; and v; is equal to zero. From
that condition the actuator angles can be calculated.

tan91 = (vlz/vly) tan92 = (’Uzy/vgz) tcm93 (’ng/vgz)

,./Le(' s & clled?

Testing the solution =0 hers 5 TE N s..L.rms.:m)

Testmg—ﬂ&&-eeleu&aﬁeﬂe A Matlab function for the kinematic solution shown above was con-
structed, the function's input arguments are the Euler angles that_the\ data contains and the
output is the actuator angles, the function can be seen in fappendlx al. | To test if the calcula-
tions were right a set of angles representing the data was M function. The actuator
angles were then manually fixed according to the output of the function. To check if the result-
ing Euler angles for rotations about the original X, Y, Z axis match with the input set, "fhese
angles were measured using an accelerometer placed on the platform and positioned so 1t could
measure the rotation of X and Y. A circle marked with degrees was placed on the bottom plate
of the device and used to measure the rotation around Z. This was tested for a few sets of
angles and the results measured are consistent with the angles calculated.

C wht a2 15 -f%c e xper mant verLeotion data?
gxamr’e.s A IA,?m‘ cnod om ..%7

d ‘W\’( A&J- &t

CGUJLL_/
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Prototype 1.0
This design is a full size leg with an active knee and h1p .?% ment i 1ane A complete
mo

Power knee from Ossur hf. is used for the knee and,&r or rom Power knee is used for the

hip. C\

Figure 12: Prototype with knee and hip movement in the sagittal plane. /7

Electronics

The Power knee motor is a three phase brushless DC motor (BLDC). It has a gearbox Wlth
ratio 80:1 and a hall effect angle sensor. The motor controllers(MC) jare from Elmo motion |

G S

control and were purchased from Ossur hf. The motors have three m Hall gm&lsors
for the MC to determine the current in the coils. Necessary wiring for the MC are:

e Hall effect sensors from the motor to MC.

7
W‘ y\".‘J 0{.’(;0 foenn,
 Power supply to MC (50 VDC)
e Three phases from the motor to MC

r
e Enable voltage from micro controller to MC (4 V) M"‘“’G,“"*WC

WAL
/

e Signal from micro controller to MC (-3,75 V to +3,75 V)
(on-".nuhs

&
The motors and the MC are rated 50 VDC @ 25 A continues maximum. O poyer s%)plies
only support 50 VDC at 3 A. We got one power supply from Ossur hf. M
one-available-for-us. They can support 47 DC @13A. A spec1a,hst from Ossur hf. said that

we could drive 2 or probably 3 motors on power sup %'mﬁﬁﬂs—we&bei%}m
WW we w,” /‘lOﬂl‘,—éﬁ -ﬁ{ /]@r"&f‘h\nr—( o Vver .

12



Figure 13: Control board for two motors 0)"’

7 v},ef" r""z

g R
_. . >IN
Software )\d\ N /\(QJPM{ ] )‘\6 ‘Hf’ S

e Angle sensor The sensor is a magnetic rotary encoder and uses synchronous serial inter-
ﬁ'f\face (SSI). We found a code on the Internét that reads the sensor but the plan is to make_

,(&’

to +3,75 V backward rotation! )
log voltage. This was solved by using two digital ports that could generate Pulse-with h\jj
£, modulation (PWM) signal. By default the frequency of PWM is 1 kHz. By changing the =X
. & 5
~ clock speed in Arduino the frequency is increased to 62,5 kHz. This is to eli/mine_te the )
g low pass filter that is necessary to smooth out the signal if the frequency is {355 y \\%
> using two digital ports and always pull one to 0 V while generating PWM on the other '
AR its no problem reversing them and generating relative negative voltage . A ?
‘V l i H ._(‘ P r\?
e Communication of Data: In or fer, & ble to set two or more Arduinos to Lare
~ R 7olfe.
& rmformatlon with each other I2C, a serial bus interface. In -
.\S this configuration one Arduino will be the master and the rest of Arduinos will be his 7

slaves. "This simplifies the communication between PC and Arduinos since instead of
communication with all of them, we only need to communicate with one Master Arduino. ~~
The Master Arduino, is programmed to request, and then read, 6 bytes of data sent from.
the uniquely addressed Slave Arduinos. However this configuration has a possible flaw:
The Arduinos are connected together in series and if one Arduino gets high voltage trough

it, all the Arduinos will be affected. We are considering optical isolators to prevent this
from happening. & ; —Q‘” C:‘f"{f'”\ ORC, nef J'.érf’ srodame. cc

e Regulation: We are using the PID library from wwv‘v’ arduino.cc to regulate the angle.
The idea is that the regulation system on each joint is independent. The onl3 ﬂérlable is
the setpoint. By using the data from the gait analysis to update the setpoint at the right
rate we should by able to simulate the movements.

F/TD ('bna"’arrks 7
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Mechanical

f(} a’reaoly

The decision was made to use the/\crane which was,in the energy lab4e-beginwith,, The bracket
for the crane is used to hold up the leg. Further in the project we wit determin&what kind of
bracket %e ded to hold the leg or if the leg will be attached to a wall. The crane that we are
gaing+e USQCOI“ the prototype 1.0 with the two power knee motors, 60x60mm square tube and
a plat 60x50x8 with a hole to bolt the power knee motor.

Fl afe

Figure 14: Bracket for the crane
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Final design

Pelvis design

Ossur hf requested that the pelvis would be more human-like. So we had to re-evaluate our
pelvis design. Ossur hf. offered us their facilities to make a carbon fiber pelvis, which changed
a lot for us in options in our design. The decision was made to make a carbon fiber pelvis in
sheart shape” form which would replicate a real pelvis. There were a few ideas for the new shape

Figure 15: The final pelvis design

— R - TP
i ,(Some of our pelvis designs were not suited for the building process
SO to solve t o_that the load would distri

equally over the carbory The harness which connects the pelvis to the axle was based on a flat
surface at the bottom. There was also a few ideas how to attach the hip to the pelvis frame.
The idea chosen had a ‘réa;ight surface to attach the hip, and flexibility in the upper corners
which would ease th'gﬁtram on the frame 3needed. All the ideas can be seen in the appendix.
The decision was made to skip the lateral movement because of time constrains. There are two

motors attached to the pelvis. One on top which implements the side rotation of the pelvis and
one inside the pelvis frame which implements the lateral pelvis tilt.

Where 7
Need
€>C¢d‘/
whe

e
(00k.

Figure 16: The pelvis with all the motors and small frame.
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The reason why it was decided to not implément the lateral movement is because it his the
smallest movement of the three in the pelvistand less importan/.t than the others to replicate
human gait. The lateral movement can be implemented in th/é future, it can be with a sled
on the pelvis frame where the hip joint is attached, to move the hip joint sideways. The bar
connected to the top motor has two ball bearings (42*30*7} and two axial thrust bearings
(47*30*11). The reason for the ball bearings inside the outer bar, is that the inner bar needs
to rotate in the outer bar. The axial thrust bearings takes the pressure from each side. The
axial thrust bearings can take dynamic load up to 19 KN and static load up to 43 KN.
A stress test (von Mises test) was done in SolidWorks, it showed a maximum stress around 200
MPa. Young modulus for steel is 200 GPa, so the device is in no danger of breaking as the
Young modulus is 1000 times bigger than the maximum stress.

T ]

von Mises (NAT2)
323746 464,0
l 296767 5840
T . 2897887360
. 242809.856,0
. 2158309760
. 1888520860
. 1618732320
- 1348943680
. 1078154880

. B0836.6160

L 539577440
25.978.6720
0.0

IR AL

ﬁ"@%oga! Use Only

Figure 17: Stress (von Mises) test on the final design

16
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Hip design WA
The final design for the hip joint is based on the movements of a universal joint. There is
an aluminum piece connecting together two Power Knee motors from Ossur hf. that gives us
movement in two dimensions, one motor for each degree of freedom. The assembly in figure 20
gives us the means to replicate the movement in coronal and sagittal plane as we can see in
human gait. The rotation in the axial plane which is needed to correct the pelvis rotation is
ignored. The motors are linear to each other in the coronal and sagittal planes. The top motor
controls the movement for the coronal plane with a range of motion of 15 degrees. The lower
motor is situated about 145 millimeters beneath the top motor and it controls the movement
.in the sagittal plane with the range of motion at around 60 degrees. Te-t—h-rs—éesx—g-n& is quite

‘Daﬁ’hgsy to incorporate rotation in the axial plane. af 4 / ﬁﬁer- o[.-,[e s/ / &(
‘.S
A e Z be ver €ﬁf{

Sagittal Plane / Z
Shee Yo w

‘H‘Q ‘,’Bf m a"\o’ 0@7,

Coronal Plane

Axial Plane

Figure 18: Anatomic planes [?]

Figure 19: Final design for the hip joint

1Lf



Figure 20: Final design for the hip joint with motors

Figure 21: Hip joint attached to the pelvis

18
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The motor

The type of actuator that was used to produce mechanical movement in the robot leg was
a three-phase brushless dc motor (BLDC). A DC Brushless Motor uses a permanent magnet
external rotor, three phases of driving coils and one Hall effect device to sense the position
of the rotor, and the associated drive electronics. The coils are activated, one phase after the
other, by the drive electronics as cued by the signals from the Hall effect sensors, they act as
three-phase synchronous motors containing their own variable frequency drive electromcs The
gear ratio of the motor is 80:1, meaning that then the motor

(3 Lrom sSomendere. Sowrce

This Semads as F

-

7 o

7L, the same time the output shaft had made three.yThe mo te enough force to lif a€raf
O‘\ﬁ 100 N) This is the same type of actuator which is used in the power knee from Ossur. It is very| J5mme
\ s

important to connect the phases of the actuator correct. There are three wires coming out o
the hub motor, they all have markings on them. The markings are in forms of stickers with
letter A, B and C, where each letter represent different phase of the actuator. On the motor
controller there are connector housing for the wires which have A, B and C labels on them.
Connecting the phase wires on the actuator incorrect will prevent the motion of the motor and
it is likely it will cause vibration with it in the actuator. Actuator has five Hall Effects Sensor
wires coming out of it’s hub it is important to connect them right for the motor to work properly.

g{ V\IL\/ (/"‘L

NoT
Gorce |

[T Motorcontrol /

The motors/and the MC are rated 50 VDC @ 25 A continues maximum. The power supplies
only support 50 VDC at 3 A. One power supply was provided to us by Ossur and there is
anotheyone available for the team to use. Each power supply can support 47 VDC @ 13 A.
David from Ossur said that each power supply could drive two or probably three motor. That
means that power supply is not an issue. It is necessary to connect the wires from the MC to
Hall effect sensors. The proper wiring for the motorcontroller the is listed below:

e Hall effect sensors from the motor to MC. /\

e Power supply to MC (50 VDQ)

Three phases from the motor to MC

Enable voltage from micro controller to MC (4 V)

Signal from micro controller to MC (-3,75 V to +3,75 V)

) () L/VUJLEK CUWL‘/((/
k/_ s (O th@ﬁtww o This 5
Lo L% g\(t{: Q0 e SV P /\p(éh-l"cal P
l eV .05
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Software \ithe 2 -

Angle sensor “/
The sensor is a magnetic rotary encoder and uses synchronefs serial interface (SSI). Code that
was used to read the sensor was found on the Internet,/the plan for the future is to make it

more efficient. There was an issue with the sensor since it gave the angle periodically which

was very bad for control. To fix that there was made another variable that has continuous scale M ‘/.
but uses the periodic angle to update. — ¢5 gt WY e peoba. S re ber i1

Generating a signal to the MC

The signal to MC has to vary from -3,75 V forward to +3,75 V backward rotation. Arduino i\l\

\é can neither generate a negative voltage or analog voltage. This was solved by using two digital | r:
| Dorts that could generate Pulse-with modulation (PWM) signal. By default the frequency of ~ Fy
Q| PWM is 1 kHz. By changing the clock speed in Arduino the frequency is increased to 62,5 % J 2
Q kHz. This is to eliminate the low pass filter that is necessary to smooth out the signal if the }C "%
~ frequency is too low. By using two digital ports and always pull one to 0 V while generating (j? g
\\‘ PWM on the other its no problem reversing them and generating relative negative voltage. -

Communication of Data { :3 ((6 0’/\‘(' O_G 0'(57[@ })

n order to be able to set two or thore Arduinos to share information with each-ether the plan
is to use T2G;-a-serial bus interface. In this configuration one Arduirowill be the master and
the rest of Arduinos wiltbe_his slaves. This simplifies theCommunication between PC and
Arduinos since instead of commuricasion with—all of them, one only needs to communicate
with one Master Arduino. The Master A rduittom programmed to request, and then read, 6
bytes of data sent from th quely addressed Slave Arduinos. However this configuration
has a possible flaw™ The Arduinos are connected together in series~and_if one Arduino gets

high voltege trough it, all the Arduinos will be affected. The solution could. bete-use optical
isolators to prevent this from happening.

Qo~

2
4
PID control .

7
PID stands for Proportional, Integral, Derivative. The "textbook" version of the PID algorithm
is described by:

2 /"m\\ .
e u(t) = K (e(t) f/\i:/ efr) dT+TddfTi” (1)
D

3 0

Where@fs the measured process vaﬁgﬁ& the reference variable, u is the control signal and e
is the control error. The reference variable is often called the set point. The control signal is
. thus a sum of three terms: the P-term (which is proportional to the error), the I-term (which

is proportional to the integral of the error), and the D-term (which is proportional to the
derivative of the error). The controller parameters are proportional gain K, integral time T
, and derivative time Ty . The integral, proportional and derivatiye part can be interpreted
as control actions based on the past, the present and the futuremm Canta
more than 95% of the control loops are of PID type, most loops are actually PI controlPID =
controllers-are today found in all areas where control is used. For the regulation of the robotic
leg PID library from www.arduino.cc was used. When using PID library one should be clear on

what the desirable setpoint should be. The idea is that the regulation system on each joint is
independent. The only variable is the setpoint. In our case the setpoint were the angle values

Varebes e rlh i foct need & sourd Lo
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from the excel sheet from Ossur. Using the data from the gait analysis to update the setpoint
at the right rate could able on to simulate the movements.

PID measures the input and then adjustﬁthe output trying to make the input equal to
the setpoint. When starting regulate the system one should first determine the value of the
appropriate value for Proportional part, highest value until the system begins to oscillate and

then introduce the Integral part so to minimize the error. Usually the Derivative part of the
PID control is not used. /I\

Use fhe
Verisble némes
alse.

Figure 22: The final control board. Capable of controlling eight motors.

C'TC “14 0(('&0/&»\4?
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_Starting-with Python 2.74for its readable

\ &

Programming

The software element of Project Lucy consists of two different elements. Qun-ere-tramd We have
code that runs on each of the Arduino Uno microcontrollers’
the python script that runs on the controller computer. This Section will discuss Project Lucys
software elements as they were when the project was handed in and at the end of the section
we will discuss future plans and unimplemented ideas. Tl d pm-b need newes !

-l

Architecture 2. Su porvse— ( f)«#\oh>

One of the main functionalities that the team wanted to implement was usability for future use
of Lucy. Since the project is to be handed off to either Ossur hf. or a new team,the process of
executing gait data should be as simple as possible. Since the Xsens MVN BIOMECH [?] that
Ossur hf. uses to record gait analysis outputs an Excel spreadsheet (among other formg s, but
the spreadsheet was the only format handed to the team) the controller computer e
able to read and parse data from it faster than it occurs in real-time.

o, ik s nek, T 5 compatible..)

Controller computer wies chosen

code, rapid prototyping capabilities and cross operat-
ing system support, t-opti i . For the controller computer,
the Excel spreadsheet is a Office Opetf XML ?]/ format and can be easily parsed in most pro-
gramming languages. Using OpenPyXL’s optimized reader [?] we can read, parse, format, send
and receive over 7000 data points via serial communication in just over 10 seconds via a simple
Arduino echo program. This time would of course diminish as more data would be sent but
seeing that 7576 rows were iterated over, one cell in each row sent over serial at the baud rate
115.200 and read again in 10,483 seconds we are sending 7576 / 10.483 = 722,694 data points

Elere is «[so

A, Jont (ou}‘rv"lrs {sroluns)

&y

4

every seconds which is quite higher than the required 120 data, points per second for each joint >

and is even within the range of five joints or 120*5 = 600 data points.

k& whet bordecl 2 prints frecod” Difn Bum your test? ) Heot o

Arduino

PID controller When the angle value is read from the controller computer it is set as the
setpoint for the PID controller. The PID controller then utilizes the setpoint as well as the angle
sensor value to tune the output so that the corresponding motor will move to the setpoint value
position at a acceptable speed and minimal overshoot. The Arduino PID controller library is not
included in the bundled Arduino compiler but can be downloaded from the Arduino website [?].

There also exists a autotune PID library for the Arduino but there was not time to implement
it in this version of project Lucy. C'('f"“f"“h >
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Figure 23: The system main architecture overview.
Arduino Uno
‘ Serial input
Output to motor controller <& PID controller [ Angle sensor input
\

Figure 24: Regulation system.

Packed protocol To save bandwidth when sending data to the microcontroller we utilized
the very nature of the eight bit bytes that the Arduino serial manager supports. Usually it
used represent ASCII characters where each byte represents one character. The way that Lucy
uses the remaining two bytes is to read the angle value sensor from the spreadsheet and split
that value in two. Each integer is looked up in a ASCII table and the corresponding character
is sent via serial. On the receiving end each Arduino Uno listens continuously for 3 or more
bytes to be available. As soon as they are available the first byte is set as the sign byte and the
following two bytes are read as integers and summed up. If the sign byte was the minus sign
the summed up value is multiplied by -1. Then the setpoint is set at that value and the PID
controller handles the regulation of the motor movement.

Hok? You need ¢ skefoh explening how fhe bty we
(’,“6000—20/ /pe_ﬂ(,wlﬁd- 71:3 3 l/tr/ C""('"S"’L?'
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Future work and unimplemented ideas

In this section we will go over the future software possibilities and idess for Lucy.

Better PID tuning: All current PID tuning was done manually and/or by eye. To receive

better accuracy there is the need to try some other PID tuning method such as the autotune
PID library [?]. How woulol +het Adfz

Optimized byte bandwidth: The current packet protocol could be shortened to two or
one byte. For example, the current protocol uses two bytes to transfer the angle value which
adds up to a max value of 765 or 65535 if the two bytes are concatenated into a 16 bit binary
number. These numbers are quite higher than the required 360 value.

Live feed: Although there may be no need for this feature, during one brainstorming ses-
sion the idea arose that there might be some benefit in linking the Xsens MVN BIOMECH
suit to Lucy using a live link so that Lucy could live emulate the movements of the subject
in real-time. If there is interest from Ossur this could be a possibility for future implementation.

Improved user interface: The controller computer python script does not currently ac-
cept any run-time variables to customize the following simulation since all the variables are

hard-coded into the script. The parameters that could be turned into run-time variables in-

clude what spreadsheet column represent what joint, baud rate, delay, zero positions for each
joint and more.

= = b
}/\ ‘ L%%¢S/7 alse need ap/recﬁo nS |
L how 1‘9 l/f 51’@7"0«:{ € @/ec%,,m,,&
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Results

The group set out to build a robotic leg which could simulate human gait. At the beginning
of the project some of the design ideas mag;n&ha#e—bee-n reasonable to implement $er—the~
experience-of the group-erthe time frame we had to work with. During the development of the
product the team neslized-sere-of-itstimitations-and-focused on designing simple and effective
parts so we could at-the-veryteast-implement the necessary movements. Some complex ideas
were not ruled out entirely until late in the process, the most notable one being the Agile Eye
71 10. Other designs, for the pelvis, were discarded after discussions with the client, based either
“ “on design flaws or lack of aesthetics. In the end, the group delivered a working prototype of

a human gait simulating robot, capable of replaying recorded data in a realistic way. This
prototype can be seen in figure 27.

Figure 25: The finished product

In order to deliver the finished product on time the group made a few sacrifices in terms of
movements. For example, lateral movements of the pelvis and the rotation of the femur in the

axial plane were not 1mplemented Desplte the lack of these movements, the gait of the robot
%éqmte natural. : -seems an acceptable riven—tim

by J,...{? £rame—b&t—ef—-e@u—1:sefhere is a lot of work left to perfect the robot ‘ ) How?
—2The missing movements can easily be implemented by other interested parties. In addition,
more work needs to be done to make the software more user friendly, i.e. by building a user-
interface. The robot also lacks the capability to walk on a treadmill and in order to do that it

25



is quite necessary to implement some kind of force sensor into the robot. It’s also possible to
finish work on the Agile Eye, something that the team would have liked to see done.

Overall, the results are good. With excellent support from our sponsor/client Ossur hf., the
team members came through and built a robot in 15 weeks.
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Appendix A wt? st .

T Fin af /pr'a'l‘v‘{?/oc, i
design takes the prototype 1.0 and adds the hip movement in the coronal plane using

more Power Knee motors from Ossur hf. It wi-l—l—a-}se-includesa basic pelvis that will simulate
the pelvis movement by using three motors to implement the 3D movement needed.

Prototype 2.0 »

Electronics

The electronic system in prototype 2.0 is nearly identical to the system in prototype 1.0 apart
from the number of motors used.

oxtrlling  muld: le 1Ty
(ontnlling o g,f-xo e /0(,4 e

le motors

To control the prototype 2.0 a new control board was made. The board was designed with
maximum eight Power Knee motors in mind, but only five motors are used. The board receive
its motor controllers power throw a main emergency switch. In addition there is one switch per
motor controller for the user to choose which motor he wants to drive. The enable pin from
each motor controller a connected parallel and when in series with a connector on the control
panel of the board. That is for optional mechanical fuse.

Connectors Was

i on—guery—esble—te- ! o
An extension cables where ne‘eded. each m.0t0r For the mci)‘t}‘(’)rr‘ sengaz’s’.t-?e S
group-got-am extra connectors identical to those how are used in the Power Kneg,so fhe or1g1na7f

connectors on the motors and the motor controllers are used with the new extension cables.
For the motor faces a multi-core ¢re€ wire cable is used as an extension cable. The connectors
for the motor faces are traditional motor connectors. For the angle sensor it was necessary to
make an custom PCB board for the connector from the sensor, figure 26.

|
o ,ﬁi\gw& eed +»
Figure 26: The custom PCB board now e
Mising Fom SUN fso. mode) and

Ve '\Jowr“ﬁv\

Mechanical Connectors

The leg will be connected to the pelvis with a universal joint that will be controlled using two

Power Knee motors from Ossur. The joint that connects both motors together to simulate
motion in two dimensions can be seen in figure 6.

e

4
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Pelvis design

The pelvis design has been designed mere—than-enes in many diﬂént ways. From the infor-
mation at hand the pelvis was created to get a{much degrees of freedom as posmBEe.}

The pelvis will be connected to a rectangular frame by three-harnesses {red-circles)-which will
have a Power knee motor attached. The frame will be fastened to a wall or a crane. The

Figure 27: Frame for the whole component.

pelvis itself will be a board which the foot will be connected to the three motors as well via
connecting bars. One bar will be fixed to the pelvis to keep the pelvis stable, the other two

will be connected to the bar with a small universal joint and one half universal joint to make
the bar half fixed.

Figure 28: Half universal joint.
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Figure 29: Connection bar with slot for uni-joint

Figure 30: Fixed bar.

Figure 31: Plate for the pelvis.
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The Power Knee motors that wiltserve as the actuators for the pelvic movement have
a radius of 67mm from the ear of the motor. So the max movement from the mafors are
/fbout 134mm without any changes to the length from the center of the motor. ‘Sh fits

he requirements for the movement for all the three axes (vantar kannski heimild fyrir bessarri[\
stadfestingu). Holes will be put on the side of the frame so we can adjust the height of the leg
and change the leg for a variaty of gait analysis data. The movement of the mechanism is not
Ex /"‘l linear. So we made an approximation program in Matlab to so how the movement of the pelvis

thoduter) B

Uni!
This ¢

not
gova(

Figure 32: The pelvis.

behaves for each of the motor movements.

[ h 5 51"‘“,'(

N Sa d"f-"\
ext) not [/c:/af-’z

maoter2

Figure 33: This is the movement of the center of the plate in third dimen$ion. When the motors
<t all syncronized to move at the same time to the same degrees. Results are a linear line from

the starting point to the end point. The motors go from 0 — 360 degrees so it goes back and
forth.
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motor1

/(Q;\fa,y%go?yr

Figure 34: Making one motor stationary and two run. Blue line: motors 1 and 2 move from
0-360 degrees while keeping the motor nr. 3 stationary at zero. We get a line which goes
through the middle of the other two lines. Green line: Motor nr.2 is stationary at zero. Red
line motor nr. 1 is stationary at zero.

56
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5 48

motor1 20 42 44

40
motor2

Figure 35: Making one motor slower by making it go from 0-180 degrees. Blue line: Making
motor nr.3 go slower while the others go from 0-360 degrees in the same time frame. Green
line: making motor nr. 2 slower. Blue line: making motor nr. 1 slower.
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igure 36: Buckling test using SolidWorks. Using force equal to 1.2KN upwards on the pelvis
platter we can see the predicted buckling. The most buckling is lcm in the worst case scenario
it us highly unlikely that this will happen because for now we will not be using ¢ .
.- Thet 5 /9»*5./
This pelvic design was ruled not constrained enough, because when the motors are moving
the pelvic plate tilts at an angle which will create an unwanted bending moment and an error
in the movement. Wt A
S6_the goal-was-te-create a new design which would be more stable wette%onskr‘gined, but
had one less degree of freedomjwhiek-is.the axial rotation of the leg, g the movement
more linear. Deetstomwas-TmadetoTmake’ & railsystem powered by PK-motors se~therotation—

of-the-motors-would—convert T6 & pure Hiear-mevemont

2
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whcch dosign’
Figure 37: Schematic of the design. Consists of four motors. One for side to side movement,
one for front and back and two for up and down.

Figure 38: The pelvis was connected to the frame by flat iron with holes 5cm apart from each
other to adjust the height of the leg.

This design was taken«ef the t%k;legz because it did not satisfy our clients expectation as they
had an similar machine. Tests vsmere’ made in Solidworks, strain, displacement and buckling.

\AG‘\I 'f'1\£7 dov‘\{,) t\/ Wf\,cre? /Uo deta

or ‘p‘ovrej
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Hip design /‘/Q{k 7

Figure 40: Universal joint movement in two dimension with two power knee motors.
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onstruction group >
Eg-‘iéc:sjand other parts: /MOCIAA[@f t as 5e"‘é/"(5 ’
e Motor box for the Power Knee Motor
e Testing device for motors

e Testing device for a motor and a potential meter

e Bracket for crane

Motor box for the Power Knee Motor
Motor box was designed with Occam’s Razor principle in mind. Material was found in the
energy lab and fromJeeking into similar mechanisms, this motor box was designed and con-
structed. Fro can see 3D sketch of the part holding the motor. From
we can see 3D sketch of the motor box. Fro we can see the finished part.

— Huh 2 T docf see o

ore ;nb»&&
wronk

Figure 41: Motor box design

Figure 42: Motor box design
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Figure 43: Motor box

Testing device for motors WL#{ l/cna( o'€ A {um '&uw. 7

Two prototypes were made to simulate a gait cycle in two dimension. Programmers can test

the data from t it analysis, learn how to talk to their motors and control them. The first
device fro ! was made to control a DC motor with a gear,, it was made from bar of

aluminum 20x8 mm, we-used-stuminum because it is light and easy to work with. The second
device from also made for the same purpose but for smaller stepper motors with less
holding torque. We used nylon instead of aluminum to C\ake the device lighter and therefore

the device is more (ontrollable for tm ‘-’11 "7 Th's does n ot Lollow. )

Testing device for motor and a potential meter

The testing device fron 4 as made to simulate a movement in one dimension. To be

able to determine the position of the motor we attached a steel pin to the device. We used
aluminum to make a right angle bar to hold the potential meter and motor. Fer-the-platform

we used nylon the cylinder part that connects the motor and the
potential meter.&nd —#( f/pf oM.

w? Wl“"' k‘hﬂl 0-6 h//m\?
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Figure 44: Testing device for the DC motors

Figure 46: Testing device for motor and a potential meter

Load cell

Ossur provided a load cell from an older Power Knee model. The idea was to place the load
cell in the femur or the shin and monitor the forces applied to the leg in real time. If the forces
exceeded a given value the system would shut down in order to prevent damage to the robot.
Due to time constraints and the fact that the robot would not be stepping on the ground it
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eswiring of the cell and the required hardware to visualize the data from it; this
s %o connect and calibrate the load cell so a future implementation of it into the

robot should be straightforward.

The load cell used has two independent resistive wheatstone bridges with four elements each
(full bridge configuration). When a positive differential pressure is applied to the four element
bridge,two of the elements respond by compressing and the other two change to a tension state.
When a negative differential pressure is applied to the sensor, the diaphragm is strained in the
opposite direction and the resistors that were compressed go into a tension state, while the
resistors that were in a tension state change into a compression state [?]. As shown in figure

47, the bridge has voltage applied to it by an independent voltage source and depending on the
pressure on the bridge, the output voltage changes.

I. 07 LY e 4
~ O}lfl.h;/[;{a: yi(ieSCaZ,j?s 4 ' ; g‘jjgiw what 15 '1‘74& /‘&(a*[’-ansl‘p

Excitation C/ be‘f’uccn -3 7‘!‘&4‘1 4"\/(
" resstoe

Figure 47: Wheatstone bridge [?] Of’ A’“F M J.-g;@.-(*.l

The first attempt to acquire data from the load cell was to use a v@amphﬁe{;nd an
Arduino to read the output voltage. Due to signal noise, this was deemed to be an unacceptable

e | ) solution. The load cell was then connected to a PC via a National Instruments cDAQ 9174
@cﬁl 4 with a National Instruments 9237 connector [?]. A National Instruments 9949 analog-to-RJ-50

adapter which is designed for a load cell with a full bridge configuration was used to connect the
cell to the data acquisition unit [?]. The data was processed using the MatLab Data Acquisition

Toolbox [?]. Le :
Where 1
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