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II. EXPERIMENTAL APPARATUS 

A. Test Rig 

Experiments were perfonned on a test rig (Fig. 1) which 
enabled the force and displacement of a pneumatic cylinder 
to be measured. Low friction pneumatic cylinders were 
used to minimize stiction effects, hence enabling smoother 
motion to be achieved. This work is part of an ongoing 
project to develop a physiotherapy robot (14).[15) , for which 
smooth and predictable motion is essential. 

tMovement 

Pneumatic 
cylinder 

Figure 1 - Pneumatic test rig 

The pneumatic cylinder was supplied with air via two 
electro-pneumatic valves (Fig. 2). This allowed the 
pressure difference across the cylinder to be altered with 
software changes alone. A gain of 1.1 was used to increase 
the pressure P2 to compensate for differences in piston area. 

The position of the pneumatic cylinder was measured using 
an LVDT attached across the cylinder. A force sensor was 
attached between the cylinder and load to enable the 
friction within the cylinder to be estimated. Component 
specifications are contained in Table 1. 

Valve 2 
I 

cb 
I I 

Valve 1 

sensor 

Pneumatic 
cylinder 

Figure 2 - Supplying air to the cylinder 

B. Balance pressure 

tn order for a zero control signal (u t ) to cause no change in 
response, it was necessary to create a difference in pressure 
between PI and P2 to counteract the external force, 

j--------------------------------. 
I Effect of external force I 
I 
I 
I 

Actual 
Plant 

Compensation for external force (Bp) 
---------------------------------

Figure 3. - Considering balance pressure as 
part of plant 

63 
e~fective~y adding a constant value Bp to an I on 
slgn~l (Fig. 3). For controller de ign, the balan 
considered part of the actual plant. 

I \\ ~ 

C. Controlling two valves wirh one comrol I n I 

In ~rder to optimize the speed of airflow to and fr m the 
cylinder the valves needed to operate under ho ed 
conditions (maximum mass flm rate . For air, h ed 
flow occurs for a pressure ratio Ie than O. ~ . 

The pressures PI and p ) were increa ed b equilibrium 
pressure (Peq) to operate under the e condition . ontr 
strategy was formulated to control r. 0 alv from one 
control signa\. This assumed the 1'. 0 al e to b have 
identically. The contro l signal and the balan e fa t r B 

p 
were halved, subtracted fro m the top equilibrium i nal and 
added to the bottom equilibrium ignal : 

U' _p t 

U 't - eq +2 ( I 

(2) 

Where: 
(3) 

III. EXPERIMENTAL RE UL T 

A. Proportional control 

Proportional control (Fig. 4) was performed on the 
pneumatic cylinder. 

~_ L _____ ~ ____ t_l ___________ r~---+JI _-{ K, PLANT : -I · 

Figure 4 - Proportional control 

Using a proportional gain (Kp) of 2.5 the po ition re p n 
demonstrated the smallest steady state error and fa Ie t 
response time (Fig. 5). The large over hoot i una ept ble 
for precision control systems of th is nature 0 a more 
advanced control strategy is required. 

100 

90 

80 

70 I 
I 

60 I , 
50 

i - , 
Pos it io n I 

(%) 4 0 . 
30 

20 

10 
5 0 10 15 

T im. I ( I ) 

Figure 5 - Proporti nal ntr I re ul " = p 
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B. Pole-placement control 

pole-placement is a common fonn of model-based control 
using the controller structure shown in figure 6. 

PLANT 

Figure 6 - Pole-placement control 

Physical modeling of the valves and cylinder have shown 
the valves to have a model order of three and the cylinder to 
have a model order of two. The response time of the valves 
is significantly higher than that of the pneumatic cylinder, 
enabling the valve dynamics to be simplified to a single 
gain. The system can then be represented by a second order 
model. Using data obtained from proportional control, a 
plant model was calculated using least squares parameter 
estimation: 

A(Z-I) = 1-1 .75z -1 + 0.75z -2 

B(Z- I) = 0.059Iz -2 

(4) 

(5) 

(6) 

Using this plant model the coefficients F(Z-/) and G(Z- I) 
were calculated for specific closed loop poles by solving 
the diophantine equation[l41. Pole-placement was 
performed on the pneumatic cylinder using closed-loop 
pole pairs at 0.4±0.1 i . The resulting response is shown in 
figure 7. 

OOr---~----~------~----r-----. 
; 

75 t-----I--------- -------- -----I~· ~~~ ~-
70~ ~I\. 

i lf-~- - ' - r~ ,~ 
1 

i ' 1 
651--j-t----,--- ------- ------ ----;--

, 1 

60 1 "i 
, 1 i ' 

Position : i 
(%) 55 - - if-+---if--4-i---- ------I---

" 

1 1 ' 

50 . i 
i 
i 

, I.' 1 

Figure 7 - Pole-placement control results. 

The pole-placement results are superior to those obtained 
from proportional control with reduced overshoot and 
horter rise time. These results do not demonstrate the 

_64 
cha.ng.eabl~ nature of the tern for e. ample ue I 

vanatlOns m . syst~m temperature requ irin a ne\\ Ian 
model to be IdentIfied periodi all . A elf-tunin tral 
was adopted to automaticall obtain the orre t lant m 
at the commencement of each e Ion . 

C. Self-tuning control 

It ~as possible to reduce the number of paramele em 
estImated by assuming the plant ah a ontain an 
integrating element [151: 

) 

~t was necessa~ to incorporate the balanc pre ure (B,) 
mto the self-tunmg process as it aried bet\ een e in. 
resulting in three parameters (al. b_ . B,) being e tim led. 
The system including balance signal i hown in fi gure 

PLA T 

Figure 8 - Pole-placement control wi th balance pre ure 

Analyzing the plant to obtain a method of elf-tuning th 
balance pressure: 

b - 2 
- I) 2Z ( ) y, (1- Z = _I .u, 

i +a1 z 

F or ease of notation 

Substituting for u, in (10) using (3) 

' (1 - I) b -2 'b B - 2 ~ y, +a1z = 2Z U,- 2 pZ 11 

A parameter d can be esti mated on line 

d = -b2Bp 

The time delay (Z-l) of d can be ignored in e Bp i a 
constant. Forming the regre or and param ler 
necessary for recur i e lea t quar elf-tunin . 

The regres or ector: 

If , = [y, _ I' II , - 1 
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The parameter vector: 

B, =[-a l b2 d] T (14) 

The parameter vector is calculated online using standard 
recursive least squares identification equations [ 13),[14), The 
balance value is then reconstructed from (12) and the plant 
model from (7). The coefficients F(Z-I) and G(Z- I) are 
recalculated using the following diophantine equation: 

F(Z-l )A(Z-l) + G(Z-l )B(Z-l) = Am (15) 

Pole placement control can then be performed for the next 
sample interval using the F(z-I) and G(Z-I) coefficients 
obtained from (15). 

OOrtr---:-----r-----,----~--~ 

00 - - +--+--+i ==~ 1-11-- t--. ' r-- ! '"----;:_-----.J 

! j ,.-.. Ir--
70 1; ---' ; r -.---··r - - -+- jf-·- j .- ---- -

POOtioo i l ! ' 1 I i I ' 

(%) 60 - ... -.. j.-!-.. i -.--.1 .. --- t --.... j .. ---l- !.-.-.-----.j.-j _.-1 _ 

I ! ii i ii i : ! I ! 
I ! iii i I I . 1 1 I 

50 . - -. - .- -- ~ _L .. _ -... -.. - . ------.,. ----.-... , "-'-'--1' _L! ___ __.1 . __ 1 --'~-
. ! Ii i I . I . -

ii i iii i ! i II I I 

40 . -LJ+ c-- -- 1= - i~ - 't:j-:F' -
r--' i 1,..- ~ I . 

~~ ____ ~! ____ ~ ______ L-____ ~ ____ ~ 

5 10 15 20 25 
lirre, t (s) 

Figure 9 - Self-tuning position response 

·0.4 

a, I 

·0.6 -~~-r'~====--'- ---""'-=1=1 ::=::::- "-'-~:===j 
10 15 20 25 

Time, t (5) 

Figure 10 - Self-tuning parameter al 

The step response of the system is seen to converge 
appropriately after an initial tuning transient (Fig. 9). The 
convergence of parameters aJ, b:z and Bp is shown in fi gures 
10,11 and 12. 

6 ~ 

0.062r ---:------:-_______ _ 
0.06 ......... .. .... ........ .. "- .. ,. -... , 
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0.048 
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0
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Figure 11 - Self-tuning parameter b. 
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Figure 12 - Self-tuning parameter Bp 

rv. ADVANTAGES OF LOW FRICTIO 

Low friction pneumatic actuators were u ed in the e ntr I 
experiments due to their small and predi table ri ti n 
characteristics. The Airpel Airpot cylinder i a 10\ fri ti n 
cylinder based on an ai r bearing de ign(l 1. Thi de i n 
reduces fri ction and stiction effect compared t m d m 
conventional cylinders. In order to demon tratc the 
improved performance the fri ctional for e \ ithin the 
cylinder were calculated bye amining the fo r c du t the 
pressures PI & p .. and then ubtra ting the for e pph 
externally by the cylinder (mea ured b the ~ r e en r . 
Sine wave demand ignal ere u ed a fri t1 n I 
are more evident when a 10 \ ariati n in ill n i 
required. 
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Comparing the position response of the conventional 
cylinder (Fig. 13) and the Airpel cylinder (Fig. 14) both 
using pole placement control, a much smoother response is 
achieved by the Airpel cylinder. Examining the frictional 
characteristics of the two cylinders indicates the reason for 
the degradation in response of the conventional cylinder. 
The conventional cylinder experiences large levels of 
friction and a stick-slip motion at low speed (Fig. 15), while 
the magnitude of the Airpel internal friction is much 
smaller (Fig. 16). 

'\. , 80 
\ 

70 '·'-" .. - ..... \ .-.- ·'·"·-'--'-1 .-.--..... . 
'\ I '--_--,_---.J 

~::i:i:~~500 ------ ·----'\ ·-····-·r---------·· ---------
1%) . -'--",- ...•.•. -.- ..•. -.------.-- ----

, , 
, I 

40 ---.--.--- --..... _.---\, --.. - ...... -.---- ---.----/ -
, I 

, I 
, I 30 -.-.. ------.0 ............................ -....... -.-.,. ....... -... -._-- ---,1--.. -. 

20 

, , --_._ .•..... _._ ....... __ ._._ .. _--_._. __ ....... \ ......... . 

5 

" 
\ ' , 

10 
Time , t (5) 

, I , 
._.--;1._ ...... -

15 

, 
/ 

20 

Figure 13 - Conventional cylinder sine wave position 
response 
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Figure 14 - Airpel sine wave position response 
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Figure 15- Conventional cylinder friction characteristics 
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Figure 16 - Ai rpel friction chara t ri ti 

V. Co CLU 10 

It has been demonstrated that low friction pneumati 
cylinders offer real potentia l for modem pre i ion n 
systems. The low fri ction nature enab le far greater 
precision than that obtainable through modem nventi n I 
cylinder designs. 

The self-tuning strategy shown here provide a m th d f 
obtaining correct operating parameter at the tart fa 
session. Identi fyi ng an accurate balance pre ure i ru i I 
when a constant external force, such a gra ity, i pre ent. 
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Abstract-
A simple pneumatic impedance control system is 
proposed for implementation on a physiotherapy 
robot. The controller consists of a proportional 
derivative position controller, feedforward force 
compensation and impedance filter to modify the 
desired trajectory. Performance of the proposed 
controller is demonstrated through simulated and 
experimental results obtained from a single link of a 
three-degree of freedom robot intended for 
physiotherapy. The controller has been shown to 
accurately respond to position and force demands. 

Index terms - Pneumatic, Impedance control, Robotic 
physiotherapy 

I. INTRODUCTION 

Many people suffer from debilitating illnesses such as 
stroke. These patients require physiotherapy to aid 
towards full or partial recovery of any effected limbs. 
Robots have the potential to administer physiotherapy 
with greater consistency than humans while recording 
patient data that was previously unattainable. Robotic 
physiotherapy requires consideration of both force and 
position, wherein a controller guides the patient's limb 
through a pre-set series of motions, applying forces to 
assist (not drag) the patient's limb. 

Several force and position control schemes have been 
devised. Chiavernin and Sciavicco [1] proposed a 
parallel approach to force and position control, where 
position trajectories are sacrificed due to force 
demands. For physiotherapy, specifying specific 
position demands would be difficult, as they would be 
masked by the dominance of the force loop. Ferretti et 
al. [2] proposed a hybrid force/position control 
strategy for robots with mUltiple degrees of freedom. 
Force is controlled in constrained directions, while 
position is controlled in unconstrained directions. 
With the robot operating in a constrained environment 
the controller would behave purely as a force 
controller. Schutter and Brussel [3] used a position 
control strategy combined with an external force loop 

'Corresponding author email: menrr@Leeds.ac.uk 

to alter demand position and velocity. An extension 
to this was devised by Hogan [4] who developed a 
force /position control strategy, tenned 'impedance 
control', for which the desired force and position are 
connected through mass, spring and damping 
characteristics. The controller compromises between 
force and position demands. This controller was 
deemed most appropriate for physiotherapy. Indeed, 
several prototype physiotherapy robots use this 
technique. Krebs et. al [5] have implemented force 
based impedance control on a low inertia prototype 
physiotherapy robot based upon electric motors. 
Noritsugu and Yamanaka [6] have used position based 
impedance control on a RAM (Rubber artificial 
muscle) for a prototype physiotherapy robot, 
incorporating addition pressure controllers to ensure 
pressures within the RAM are accurately controlled. 

Recent developments in pneumatic actuators and 
valves allow them to be considered for applications 
which previously only electric motors were suitable. 
Using pneumatic actuators to implement impedance 
control has major benefits. Pneumatic system's 
inherent low stiffness and direct drive capabilities 
enable smooth compliant motion, which is difficult to 
obtain from conventional geared electric motor 
systems. Moreover, pneumatic actuat~rs can c.ost up to 
10 times less than electric motors, whIle offenng a 
higher power to weight ratio. 

Most impedance controllers are designed aroun~ force: 
loops, which make use of the ability of an elec~c 
motor to supply torque on demand [5]. PneumatIc and 
hydraulic actuators could also be. u~~d. H?~ever, due 
to factors such as fluid compresslblhty, stlctlon ~d 
viscous friction, accurate positioning of hydrauhc and 
pneumatic systems is difficult to obtain from a force 
based control system. Moreover, an ~ccurate model of 
the system dynamics is required, whIch can be 
difficult to obtain [7]. Indeed, Krebs et. al [5] used a 
low inertia manipulator to reduce the mfluence of 
system dynamics. Generally, the inc~i~l dynamICS of 
the manipulator are significant. A posItion ~ased. . 
. pedance controller does not require conSideratIon 01 

~: system dynamics. Heninrichs et. al [7] p~o~scd a 
position based impedance controller for an (Xlsttng 



,.---- Appendix B - Papers Published 
268 

Pneumatic impedance control for physiotherapy 
R.Richardson*, M.Brown*, A.R.Plummert 

*The University of Leeds, School of Mechanical Engineering, UK. 
t Instron Ltd, UK 

Abltract-
A simple pneumatic impe?ance control. system is 
proposed for implementatIon on a phySIOtherapy 
robot. The controller consists of a proportional 
derivative position controller, feedforward force 
compensation and impedance filter to modify the 
desired trajectory. Performance of the proposed 
controller is demonstrated through simulated and 
experimental results obtained from a single link of a 
three-degree of freedom robot intended for 
physiotherapy. The controller has been shown to 
accurately respond to position and force demands. 

Index terms - Pneumatic, Impedance control, Robotic 
physiotherapy 

I. INTRODUCTION 

Many people suffer from debilitating illnesses such as 
stroke. These patients require physiotherapy to aid 
towards full or partial recovery of any effected limbs. 
Robots have the potential to administer physiotherapy 
with greater consistency than humans while recording 
patient data that was previously unattainable. Robotic 
physiotherapy requires consideration of both force and 
position, wherein a controller guides the patient's limb 
through a pre-set series of motions, applying forces to 
assist (not drag) the patient's limb. 

Several force and position control schemes have been 
devised. Chiavemin and Sciavicco [1] proposed a 
parallel approach to force and position control, where 
position trajectories are sacrificed due to force 
demands. For physiotherapy, specifying specific 
position demands would be difficult, as they would be 
masked by the dominance of the force loop. Ferretti et 
al. [2] proposed a hybrid force/position control 
strategy for robots with multiple degrees of freedom. 
Force is controlled in constrained directions, while 
position is controlled in unconstrained directions. 
With the robot operating in a constrained environment 
the controller would behave purely as a force 
controller. Schutter and Brussel [3] used a position 
control strategy combined with an external force loop 
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to alter demand position and velocity. An extension 
to this was devised by Hogan [4] who developed a 
force /position control strategy, tenned 'impedance 
control', for which the desired force and position are 
connected through mass, spring and damping 
characteristics. The controller compromises between 
force and position demands. This controller was 
deemed most appropriate for physiotherapy. Indeed, 
several prototype physiotherapy robots use this 
technique. Krebs et. al [5] have implemented force 
based impedance control on a low inertia prototype 
physiotherapy robot based upon electric motors. 
Noritsugu and Yamanaka [6] have used position based 
impedance control on a RAM (Rubber artificial 
muscle) for a prototype physiotherapy robot, 
incorporating addition pressure controllers to ensure 
pressures within the RAM are accurately controlled. 

Recent developments in pneumatic actuators and 
valves allow them to be considered for applications 
which previously only electric motors were suitable. 
Using pneumatic actuators to implement impedance 
control has major benefits. Pneumatic system's 
inherent low stiffness and direct drive capabilities 
enable smooth compliant motion, which is difficult to 
obtain from conventional geared electric motor 
systems. Moreover, pneumatic actuat~rs can c.ost up to 
10 times less than electric motors, while offenng a 
higher power to weight ratio. 

Most impedance controllers are designed aroun~ force 
loops, which make use of the ability of an elec~c 
motor to supply torque on demand [5]. Pneumatic and 
hydraulic actuators could also be. u~~d. H~":ever, due 
to factors such as fluid compressibility, stlctlon ~d 
viscous friction, accurate positioning of hydraulic and 
pneumatic systems is difficult to obtain from a force 
based control system. Moreover. an ~ccurate model of 
the system dynamics is required, which can be 
difficult to obtain [7]. Indeed, Krebs ~t. al [5] used a 
low inertia manipulator to reduce the mtluence of 

t m dynamics. Generally, the inertial dynamiCs of 
sys e . A" b'·'d the manipulator are significant. posItion. a~l: . 
. dance controller does not require conSideration of 
tmpe . . h I [7] proposed a the system dynamics. Henmnc set. a . 
position based impedance controller for an eXhtmg 
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hyd raulic industrial robot, validating their work 
erimentally. Gorce and Guilhard [8] propose a 
ti-link, position based impedance controller for 
lementation on a legged robot. They use an 

exp 
mul 
imp 
ac mator model to predict the torque produced from 

pneumatic cylinders. The performance of the 
troller is demonstrated through simulation. 

the 
con 

Thi s paper examines the simulated and experimental 
ults obtained from a simple impedance controller 
lemented on one degree of a three-degree-of-

res 
imp 
free dom robot intended to perform physiotherapy. 

tion 2 describes the experimental equipment and 
ion 3 develops separate force and position control 

Sec 
sect 
tec hniques. Section 4 proposes a position based 
imp 
sect 
imp 

edance controller from the controllers described in 
ion 3. Simulated and experimental results of the 
edance controller are examined in section 5. 

Fin ally, section 6 develops the controller for higher 
grees of freedom. de 

II. EXPERIMENTAL EQUIPMENT 

Exp eriments are performed on a single link (Fig. I) of 
ee-degree-of-freedom pneumatic robot intended 

physiotherapy [9]. A pneumatic cylinder provides 
ue to rotate the link, while the angular position is 
sured using a potentiometer. Two electro-

a thr 
for 
torq 
mea 
pne umatic valves supply air to the pneumatic cylinder. 

rce sensor measures external forces in the x A fo 
dire ction. Previous work has developed a detailed 
mod el of the pneumatic system [10]. The system 

ponents are outlined in table 1. com 

Pneumatic 
cylinder 

Potentiometer 

x 

F igure I - Single link of physiotherapy robot 

Low 
cylin 

Friction pneumatic 
der - Airpot Airpel -
earin desi n "-Air b 

Electr 
contro 

o-pneumatic pressure 
I valves - SMC E- P 
VYllOO Hyreg 

Rot ary Potentiometer 
echnik P2701 OVOI 

Bore dia: 18mm 
Stroke: 100mm 

Pressure range: 
0- 8.8 bar 
Voltage Range: 
1-5V 
Voltage Supply 10V 

Table 1 - Equipment Specifications 
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III . SEPARATE FORCE A. D PO mo. Ol 

~osition only control of the ingle link an 
Implemented using simple proportion I d ri\' ti\ e 
(PD) ~ontro1. P~ control u e po ition IT ran 
velOCIty error gams to attain the de ir d r p n e. 

~en implemented experimentall . th PO 
qUlckly reaches the demand po ition with 
amount of overshoot (Fig. 2) 

PO contro ller performance (P=2.5 0=0 25 ) 
0 .031---.----~~=~~~~~_--... 

0 .02 t=="4 

0 .01 --~' --
E' I 

'6 0 I 
~ 

-0 .01 --

-0.02 .-.----- ~ 

-0 .03 0~---:.2;----~4--~6~--.J...8 ----.J
10 

Ti me . t (5) 

Figure 2 - PO position only re pon e 

Force only control , while link movement i pr v nt d, 
can also be implemented (Fig. 3). Due to the pr ur 
control nature of the electro-pneumatic al e a 
constant voltage causes the pneumatic cylinder 
(position fixed) to output a constant force. Th i 
enables open-loop fixed position force control to 
performed. (Fig. 4) . 
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Force 
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Figure 3 - Fixed po ition for e ontr I 
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Figure 4 - Open loop for e ntr I 

The desired force (Fd) i caled b a to 
into the plant, r ult ing in a for ut. ut 
Examining the c li nd r al and to 1 ltok 
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robot enables the appropriate value of F op to be 

obtained. 

Examining the pressure response of the electro­
pneumatic valves: 
I V:: 2.2e5 Pa of pressure (P) (3 .1) 

The force produced by the cylinder piston due to air 
pressure from the valves: 
(Feyl):: PA (3.2) 

As the piston area is known, the force per volt of the 
pneumatic system can be calculated 
A:: 1.98e-4 => 1 V = 43.56 N from Feyl (3.3) 

Examining the link dimensions to account for torque: 
The ratio L/ Lex/ is 0.617, so 1 V = 26.83N at F (3.4) 

The force per volt at the force sensor can be calculated 
to be: 
IN at F= 1126.83 V = 0.0373 V (3 .5) 

So the open-loop force gain is: 
Fop = 0.0373 (3.6) 

Experimentally implementing fixed position open­
loop force control shows the desired force to be 
accurately tracked (Fig. 5). The force and position 
controllers developed here will be combined to form a 
ingle force and position control strategy in the next 

section. 
Open-loop force control (fop = 0 .0373) 

20,----,----,-- ------,- --,---------, 
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j 0 - - .- --_ ... _ ......... ..................... .................... _ ............................. _ ..................... . 

·5 

·10 _ .... _ .. -.... _ .......... ----.-. 
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Figure 5 - Open-loop force control (fop = 0.0373) 

TV. IMPEDANCE CONTROL 

Impedance control [4] is a position and force control 
trategy. The aim of impedance control is to specify 

th relationship between position and force. Using a 
po ilion-based impedance controller simplifies the 
ontroller design. 

2 0 
For a position based impedance ontrol t m Fi . 
6) say xp = specified po ition \\ ith no for e 
disturbances and X, = de ired change in po irion du t 
external force. 

The robot responds to external for e inpu if it 
~ere a simple mass spring and damper t m. 
gIven external force (F ext) cau e a chan e in po iti n 
Xi thus: 

F x . = ext 
I MS2 +Cs+K 

(4.1 

Then the overall desired position (Xd) be orne : 
F 

Xd = XP+Xi = XP +M 2 ~ K (4.2 
s + s + 

Where: 

M = Mass 
C = Damping 
K = Stiffness 

Figure 6 - Free body diagram of 
impedance sy tern 

When no external force is present the sy tern b ha e 
purely as a position controller (Xi =0). ] f the PO 
controller was able to reject all force di turbance it 
would be possible to use a PO posi tion only trategy 
to implement the desired impedance trajectory (Xd). 
However, external forces on the link have 
considerable effect on the PO controller perfo nnance. 
Position control of pneumatic cylinder under the 
influence of an unknown constant external fo rce ha 
been performed. A self-tuning, constant contro l ignal 
was used to produce a force to counteract the external 
force and enable accurate control [11 ]. 

The open-loop force controller developed in e tion 3 
is capable of counteracting the in flu ence of the 
external force. 

The external force measured by the force en or i 
used to create an equal but oppo ite for e from the 
open-loop force contro ller. Thi remo th dir t 
effect of the external force on link p ition . i . . link 
torque result ing from the eternal for e Te I i u I, 
but oppo ite to the torque appli d by th lind r 
(Tc I) due to the open-Io p ~ r e i m nt fi . 
Combining the PO po ition ntr 11 r nd p n-I 
for e controll r r ate th fin limped n nlr 11 r 
(Fig. ). 
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Figure 8 - Impedance Controller block diagram 

When implementing the impedance controller for 
physiotherapy, a patient's limb will be attached to the 
robot through the force sensor. The patient will be 
required to follow a desired trajectory (Xp), as 
implemented by the PD controller. If they experience 
difficulty in performing this movement their limb will 
not follow the desired trajectory resulting in a force 
between the limb and robot. This force alters the 
position of the robot (through the impedance 
controller) and provides assistance to the patient's 
movement. Hence, the level of assistance the robot 
provides is dependent on the specified impedance 
characteristics. Simulated and experimental results 
from the impedance controller are examined in the 
next section. 

V. RESULTS 

The model of the electro-pneumatic valves and low 
friction pneumatic cylinder developed in [10] has been 
extended to simulate the response of the impedance 
controller (Fig. 9). 

Id,aI Sy'l.m 
Rtlpon .. 

PO POSitIOn 
coNroH., 

f>a2 5 [)oO 25 

Sp. clfy du.r.d 
p051lion WIlh no 
u 1, mt l forUI 

Figure 9 - Impedance controller simulation 

2 1 

The simulation was used to test the impedance 
con~r.oller concept and obtain suitable gain for the PO 
pOSItI?n controller before implementing 
expenmentally. In order to assess controller 
performance masses were applied and removed from 
the end. of the robot. With the mass attached an 
app~~xImate.ly . constant force is applied regardle of 
pOSItIon. ThIS IS not representati e of ph iotherap 
where force would be applied gradually, but i an 
extreme test of controller performance. 

The constant force combined with zero de ired 
position (xp=O) enables the controller performance to 
be easily assessed. The experimental results ~ ere 
compared to those produced from the simulation (Fig. 
10,11,13,14). The results obtained with inertia 
damping and stiffuess (Fig. 10 & II) show the 
experimental and simulated response to clo ely follO\ 
the desired trajectory. For small oscillations the 
experimental tracking is poor, due to friction within 
the system. 

Examining the voltage output from the PO controller 
and open-loop force controller (Fig.12) for the 
response shown in figure 10 illustrates the operation 
of each element of the impedance controller. The 
open-loop force controller provides a compensation 
force to oppose link movement due to the external 
force. The PO controller's output moves the link 
along the desired trajectory providing little 
compensation for the external force, as such its output 
is much smaller than the force controller. 

Impedance response (M=4, C=15, K=300) 
o .02 r---;::~==:::::::;-r----;:::::c===::::;-rr;:-~ 

Desired I: 
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Figure 10 - M=4 = 15 K=300 Impedan rc 
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