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Case study of patients participating in a
randomised controlled trial of upper-limb robotic
rehabilitation in acute stroke services.
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Abstract— This paper presents some findings from a
randomised controlled trial in patients with upper-limb
weakness in acute stroke services within the UK’s National
Health Service. Three patients were selected from the robot
arm of the trial; one who exhibited a large increase in Fugl-
Meyer score (change > 30); one who exhibited a moderate
change (10 < change < 20) and a subject who demonstrated no
change between baseline and follow-up. The results from robot
assistance level and target achievement over the course of the
treatment are presented for the three patients, demonstrating
the system’s ability to automatically alter the assistance level as
patients progress.
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significant increase in therapy resources. This is especially
desirable in the acute stages of stroke, while patients are still
within the hospital environment. Robotic systems are

designed to undertake some of the repetitive movement
tasks required for functional recovery of the arm, freeing up

therapists to undertake more complex targeted intervention
for which robotic systems may be unsuitable. The overall

aim being that patients can spend more time engaged in
therapeutic exercise than with conventional therapy alone.

Rehabilitation robotics is a large and growing area of
research with an ever expanding number of systems being
developed internationally. As these systems are developed
and in some cases commercialised, there is a growing body
of evidence as to the efficacy of providing therapeutic
exercise to the upper-limb via a robotic systénmeview of
upper-limb robotic stroke rehabilitation [4] cited 28 Isuc

Stroke is the leading cause of adult disability in the UK ropotic systems. These systems are configured in one of two
every year 152,000 people have a stroke. Of those whgays; eitherasan end-effector based robotic arm whereby
survive, approximately half experience physical disabilitythe patient interacts with the patient via a handle or wrist
with upper-limb weakness being the most commoryrthosis; or an exoskeleton system that has several contact
impairment. Upon discharge from hospital, around 37% ofoints along the arm with robot joints coincidental with the
survivors will require assistance with activities of daily human joints. An example of the former type is the MIT-
living (ADL) [1]. The average cost per patient of care and\vianus [5]. Probably the most established and clinically
rehabilitation is £23,315 (34,750 USD) leading to a totalproven upper-limb ~rehabilitation system, it has been

Health and social care costs bill of approximately £4.38bgommercialised as the

InMotion ARM Interactive

(6.53bn USD). This places significant financial and Therapy System. It is a planar two DoF robotic arm system
resource burden on the NHS leading to overstretched strokghich can include additional attachments for the hand to
services. It is recognised that the most recovery occurs iRcrease functionality. A second end-effector based system
the first few weeks following stroke, this is seen as a resuls the Arm-Guide [6] works on an adaptable linear slide

of the combination of rehabilitation and spontaneousnechanism.

Both systems have been assessed in

recovery, however due to limited therapy resources patientgndomised controlled trials.

spend the majority of their time during this acute stage in _ )
their beds. This may lead to sub-optimal recovery as it is An example of an exoskeleton system is ARMin.
recognised that recovery is related to the frequency aniRMin [7] is a seven DoF exoskeleton robot system that

quality of therapeutic intervention [2,3]

provides task-specific exercise to people with stroke.
Allowing three dimensional exercise, the system provides

By utilising assistive robotic systems to supplementelatively large workspace, also incorporating a hand
conventional rehabilitation, it is possible to increase theypening and closing mechanism.

intensity of therapeutic exercises patients receive without



The aforementioned systems all feature in a Cochrangassive rotational DoF aligned with the centre of the human
review of randomised controlled trials (RCTs) for upper-arm to ensure the arm is always comfortably aligned within
limb robotic stroke rehabilitation [8]. It looked at the the system. A distal orthosis attaches to the lower arm close
outcomes of 19 trials involving 666 participants. Primaryto the wrist while the proximal orthosis attaches to the
outcomes were concerned with Activities of Daily Living upper-arm around the mid-point between the elbow and
with secondary outcomes looking at motor function (Fuglshoulder. As the arm is calibrated within the system at the
Meyer Assessment Upper Extremity) and muscle strength. start of each session, the exact positioning of the orthoses on
Conclusions of the review stated that robotic systems fathe arm is not required, making attaching the robot a quick
upper-limb rehabilitation are more effective that otherprocess.
interventions when considering ADLs and motor function, Each end-effector contains a JR3 six DoE force/torgue
however the authors state that the changes are such that tfgea}/ d ; ing th bot/batient i ) fq
may have a limited effect on the clinical meaning for the @nsducers for measuring the robot/patient interaction force
patient. while each robot joint contains a rotary sensor for measuring

joint position. An air pressure sensor and patient and

A more recently published RCT ]J[@ising the ARMin  emergency stop buttons are used to ensure safe operation of
system recruited 77 patients who were at least six montthike system.
post-stroke and delivered a total of 24 sessions of robot or
conventional therapy depending on the trial arm. Their . A X
findings showed a minor difference between conventionafP€dded controller running deterministic real-time
and robotic therapy, inferring that robotic therapy could be0ftware while ‘a standard personal computer provides
more beneficial that conventional therapist deliveredtOmmunication protocols  and runs the high-level

therapy however improvements in Fugl-Meyer Uppersupervisory control and the patient and clinician interfaces

Extremity Assessment were still small for each group;(S”‘CK clinic).

3.25points (SD1.68) for robotic therapy and 2.47 points Additional hardware consists of a standard wheelchair
(SD1.67) for control arm. As highlighted above, the effectsyvith a modified back rest that allows a large range of
of this improvement on patient’s clinical outcome may be movement close to the body; a docking station that holds the
limited. calibration tools and locates the wheelchair correctly
relative to the robot base unit; a large LCD display that
(ﬁ)resents the patient interface to the user allowing the patient

Low-level control is undertaken on a dedicated

iPAM (intelligent Pneumatic Arm Movement) is a
robotic system developed at the University of Leeds t X i )
engage with the system; and a stand-alone low-noise

provide assistive upper-limb exercise to a wide range o . o ;
patients with arm weakness as a result of stroke. It combin<§§‘3d'caI grade air-compressor. The iPAM MkIl system can

the mechanical simplicity and ease of attachment of an en e seen in Figure 1.
effector system with the human-joint control benefits of ar
exoskeleton system while proving a large workspace. Thi
paper presents some results from a RCT undertaken wi
three iPAM MKII systems within acute stroke services in the
UK National Health Service. The iPAM MKIl system is
introduced followed by a description of the RCT and
summary of the experience. There then follows a small cas
study relating assistance level provided by the robots ar
the exercise target achievement when looking at thre
patients with differing outcomes.

Il.  1PAM MKl

Developed by a multidisciplinary team including _
engineers, rehabilitation physicians, therapists, strok A B )
survivors and their carers, iPAM has been specifically, 1. The iPAM MKIl Robotic Rehabilitation S
designed to meet the needs of the various stakeholdetvl?ure e obotic Rehapiliation Syste
helping to ensure end-user acceptance. The design process
for both the iPAM Mkl and Mkll can be found in [10] and

Control

[11] respectively. As the two robots are independent it is essential that they
coordinate effectively; any misalignment of the end
A Hardware effectors could result in excessive torques being applied to

Mimicking the method in which a therapist provided thepatient’s limb. As such a control strategy was developed
assistive exercise to the human arm, the robot consists #fat controls the robots using a six DoF model of the human
two identical robot arms attached to a base unit. Each ardfm. With three active DoF at each robot end-effector it is
has three pneumatically-actuated revolute joints, allowingpossible to control six DoF of the human arm, two
control of the robot end-points in Cartesian spaktethe  translational and three rotational DoF at the shoulder, and a
end of each robot arm are detachable orthoses (easingle rotational DoF at the elbow. By providing control

swappable for left and right sided operation) that allow thregwough the human arm model in human task space rather
than the robot task space it is possible to ensure safe



coordination of the two robotic armbrajectories are passed high-friction coating is used to ensure the orthosis does not
from the high-level controller in the form of human joint slip during use

positions and rotations, target locations and admittance
control parametersWhen exercises commence the robot
enters a parked position moving the patients arm to

comfortable location close to the patients lap. The patient i
then presented with a virtual target to which they shoul
reach towards; iPAM will assist them to reach the target.

The next stage is to calibe the patient’s arm within the
gystem. This is to match the human arm model used by the
ontroller with the patien$ arm. Two custom tools are used
0 take measurements, one giving the relative positon of the
orthoses to bony markers on the limb and the second
providing the initial shoulder offset from the robot base unit.

The system utilises an admittance control scheme t@nce calibrated the attending therapist or assistant
modulate the demand position of the robots based on thendertakes a visual inspection of the calibrated arm model,
measured human joint torques and forces. The admittanceatching the 3D representation of the arm shown on the
function modulates the input trajectory for each human Dolpatient interface and the real arm

as a function of measured force/torque and takes the form: Once calibrated the therapist must prescribe an exercise

X=F I(Kx+Cx.s) (1) set for the patient to undertake. These are set through the
h d i d d . high-level clinician interface (SILCK clinic). This provides
where K and C are stifiness an amping termgy,o therapist with the mechanism for converting clinical

respectively. An exponential mapping function is used folyqqegsment of the patient into robot specific information

converting the assistance level in terms of percentage @saq to develop exercise prescriptions. Exercises sets can
seen by the physiotherapist to the stiffness term K used hy D ’ P '

. . onsist of fixed tasks or open tasks:
the admittance controller. For rotary joints, 100% sets
joint stiffness of 40Nm/rad while 0% gives 0.075Nm/rad.  Fixed tasks: These involve the physical recording of a
Damping is static at 0.25Nms/rad. Translational DoF aspecific arm movement trajectory by guiding theient’s
shoulder maintained a high stiffness setting throughout. Tharm through a specific movement while the robot records
new demand positions for the human joints are thethe trajectory in terms of human joint angles, this can then
converted to robot end-effector positions using the forwarde replayed by the system as an exercise. A push button on
kinematics of the human arm. The inverse kinematics of ththe proximal robot handle is used to set virtual target
robot arms are then used to calculate the desired robot joiletcations.
angles. PID controllers are used at each robot joint to
provide the position control. A detailed description of the
control system has been presented previoddy [

Open tasks: These involve the selection of a specific
treatment strategy that is suitable for the particular patient.
Depending on strategy chosen, the system will

C. Operation automatically generate movement trajectories tailored to the

A typical iPAM treatment session will last for 1 hour particular treatment strategy. Open tasks consist of exercises

and consist of approximately 40 to 45mins of robot-assiste[faturing movements between 8 separate targets. Targets
exercise although this will vary from patient to patient. At2PPe€ar on the patient interface along with the 3D
the beginning of a treatment session, the system initialisdé§Presentation of theaient’s limb (Fig. 2).

into a passive operating mode called warm standby. In th _ o

mode the robots are supporting their own weight such th: Tuck elbow in YPAM

they are free to move around. This is an inherent berfefit ‘ ‘”'-“ﬁ )

using pneumatic actuators, the pressure regulating valwv j -

are set to maintain a specific pressure, manually moving tr - &S -

robots causes the pressure on one side of the low frictic ‘

pneumatic cylinders to increase while decreasing it on th WJ
other, the pressure regulating valves quickly adapt to reduc o B R
the higher pressure and increase the lower pressu e
balancing the pressure. This makes the whole syste

innately back-driveable. ‘ LT\J
Patients are seated in the chair and their trunk secur¢ '
using a four point harness. This is to prevent excessive trur
movement, ensuring the movement is predominantly as
result of arm use. A shoulder monitor consisting of three . .
pull-cord potentiometers is attached to the shoulder usin§h® two categories of open task exercises are:
medical tape. This provides the relative movement of the Category A: This strategy is suitable for patients with
shoulder to an initialised pOSition which is fed into the||m|ted arm movement or high_tone at the elbow and/or
inverse kinematics solver for the human arm modelghoulder, the strategy aims to gradually increase the range
improving accuracy. It is also used as a safety check t§f movement by undertaking small reach/retrieve
detect a change in patient posture. The orthoses are thg{pvements at either table level or at an increasing elevation
attached They use a modified blood pressure cuff that canthe controller will automatically increase the range of
gently hold the arm in place while a barrier material with anovement as the patient successfully and consistently

Figure 2. Patient Interface screen appear on a lagggay infront of
patient during exercise and displays human arm modeligndhtargets.



reaches the target locations. The strategy will also introdudéie robot arm and two for the control arm. At this stage it
lateral movements as the patient progresses. The assistanezs decided that the Pontefract site should be removed from
level (K value in admittance controljeis set manually by the trial.

thetherapist. Additional issues occurred at Hull Royal Infirmary when

Category B: This strategy is suitable for those with aan outbreak of gastroenteritis resulted in the ward closing
wide range of movement deficits but is not suitable forDuring this time a patient recruited to the robot arm of the
patients with high tone. This strategy commences with &ial was unable to receive any treatment. The therapy gym
number of simple, limited range reach/retrieve exercises tm Aberdeen was also closed for an extended period during
warm-up the patient. The workspace is then separated tpe trial period due to renovation work; this led to the
into four outer-reach quadrants and the system wilsystem remaining unused for around four months during the
undertake a number of movements exploring each quadratwo-year trial.
in turn. All targets are placed within a safe workspace fo% .
the patient, physically defined by the theraps patients - Intervention
consistently reach targets over consecutive exercise 1) Active group: each patient recruited to the iPAM
attempts, the assistance level will drop at 5% intervals. Thgroup received one to two exercise sessions of iPAM
therapist has the choice to remove specific quadrants frofelivered therapy per day for up to @@ys on top of usual
the prescription and to manually intervene in the assistandBerapy. Each exercise session was approximately 45-60
setting. minutes or, on occaision, as low as 10 minutes depending on

. . _ the patient’s clinical state. iPAM intervention with usual

Once the appropriate exercise prescription has beqys rehabilitation treatments was continued for a
chosen the therapist can select the desired number Qfyyimum of six weeks. The duration of treatment was less
exercise attempts and the duration of the exercise sessu:'p.the patient: completes 30 iPAM exercise sessions; no
The exercise set can then commence with the patient onfynger requires therapy; is discharged from hospital
requiring |nd|rect_ therapist or assistant SUperV'S'O”-,Th‘F&atients were offered the opportunity to come back to
patient has a patient stop button on their unaffected side f,gpita| to complete their course of trial therapy); or there is
halt the exercise set at any time; alerting the therapist via 8¢y of stroke unit staff time to deliver the intervention. The
audible and visual alarm. At the end of the session, _th‘%?cision about need for rehabilitation interventions was
system returns to warm standby and the orthoses are quicklyade py the treating clinicians, therapists and nurses in
removed allowing the patient to exit the system. consultation with patients and families as part of the routine
management of the patient.

2) Control group: The control group received usual
erapy plus additional matched therapy time. It was
estimated from previous patient experience that it takes a
gnaximum of 15 minutes to set up the iPAM system and
rescribe iIPAM exercises for each treatment session.
herefore on a weekly basis, a maximum of 2.5 hours
émaximum of two 15 minutes sessions, 5 times per week)
8xtra therapy treatment per week was allocated to the
Fontrol group. To be efficient, this extra time therapy was
often combined or added to usual therapy intervenstion to
make extra or longer usual therapy sessions. This provided a
A Trial design matched burden on therapy resource between the active and

A prospective, randomised, controlled trial of NHS ¢ontrol group.
rehabilitation treatment alone verses NHS rehabilitationc outcomes
treatment with up to 6 weeks iPAM treatment (up to 30

sessions) for patients admitted to acute stroke services after The primary outcome for the _RCT. was a clinically
a new stroke. It was proposed that 90 patients with acu eaningful response (defined as >=3 point improvement in

stroke were recruited across three NHS stroke unitd U9l Meyer (Upper limb section) scofe3]) from baseline
Exlcusion criteria were based on the pafienimedical 0 10 weeks post randomization. Secondary ouicome

oo ' - . Barthel Index; Stroke Impact Scale;
stability, having no pre-stroke arm movement deficit angmeasures were ' o '
weight (max 125kg limited by wheelchair). ABILHAND; EQ-5D. Results of the clinical outcome

measures are not included in this paper

lll.  RANDOMISED CONTROL TRIAL

The iIPAM MKIl system has successfully been used a
pat of an RCT within acute stroke services of the NHS.
Initially iPAMs were installed in three different NHS trusts
hospitals in Hull, Pontefract and Aberdeen. The aims of th
RCT were to determine the feasability and practicalities o
delivering a RCT using iPAM within NHS stroke services;
to obtain clinical outcome data to determine appropriat
sample sizes for future Phase 3 clinical trial design and t
assess the safety of the system within a clinica
environment.

In total, 51 patients were recruited to the trial. Twenty- - .
six patients were recruited to the active group and twenty=" Trial discussion
five to the control group. Unfortunately shortly after  Over the course of the trial, the iPAM systems undertook
installation of the third iPAM system at Pontefract Generapver 12,500 exercise tasks with no adverse events recorded.
Infirmary, stroke services within the NHS trust were The Aberdeen system was in use for 1 year, 11 months and
restructured and early supported discharge introduced. Th#8 days from the first patient session to the last (including
had an effect on recruitment for the trial. After 6 monthsthe 4 months during which the system went into storage),
only three patients had been recruited for the site, one fovhile the Hull system was in use for 1 year, 7 months and 6



days. While several minor technical issues occurred that Fig. 3 shows the assistance level for the three patients
required a member of the project team to visit the site, thever the course of the treatment sessions. Patient A
safety systems and protocols incorporated into the systedemonstrates a continued improvement as the session
ensured that none of these resulted in patient harm. Aspaiogress, reducing down to 45% by the end of the treatment.
result it was clearly demonstrated that the system couldote that assistance often increases to a higher value after an
operate safely in a clinical environment by suitably trainednitial reduction. SILCK clinic will increase assistance
therapy staff. The overall change in Fugl-Meyer Assessmeshould a patient be unable to consistently achieve a near miss
— Upper Extremity score across both cohorts was +16.8n far reach targets over 5 consecutive exercises. In the case
(15.3SD). of Patients B and C, it can be seen that there is little
reduction in assistance overall however it can be seen in this
IV.  CASESTUDY RESULTS case, Patient C actually achieves a lower assistance level
During a standard exercise attempt the iPAM systenthan patient B, despite a higher FM score at both baseline
records a wealth of data that is stored for later analysignd follow-up.
There are several key parameters that can be used to analyseFigS_ 45 and 6 show the assistance level and targe

the interaction between the robot and patient. A key featurg nieyement against exercise attempt for the three patients,

of the system as described above is its ability t0) ‘g ang C respectively. To reduce the noise in the target

automatically adjust assistance settings based on patieffie ement data, the line shown is the average value of
achievement. This paper will look at three particular patients, ., 10 exercise attempts. A value of 8 would mean every
who exhibited different clinical outcomes and compare thes rget over 10 consecutive exercise attempts was achieved

outcomes with some parameters measured by the rob th ; : ; ;
. ! ) e case of Patient A (Fig. 4), while assistance level drops
system. The patient details are presented in Table 1. It sho Q/er the course of tr(megtre)atment the rate of targzt

be noted that patients during the trial received a varied lev%'chievement stays between 5.8 and 8. This signifies that
of both robot and conventional therapist upper-limb : .

. . : . - . even though the assistance given by the robot is decreasing
intervention, with Patient A receiving approximately doubleqer the course of the treatment, the patient is maintains the
the intervention as Patient C. ’

ability to reach the targets, clearly demonstrating an
The patients chosen predominantly used the Category Bprovement in patient ability as the change in FM score
type exercise prescriptions such that as the patient improve@ould suggest. It can be seen from Fig. 5 that patient B has
achieving more targets during the exercises they would seelong period where they are unable to get consistent target
iPAM automatically reducing the assistance level in 5%@chievement and during this period no change in assistance
increments.Each time the assistance level drops, the patierfietting occurs. This last approximately 600 exercises at
must contribute more to the exercise to achieve the sanyéhich point the patient begins to achieve a higher level of
number of targets (maximum of eight per exercise attemptjarget achievement leading to a reduction in assistance
In all patients using this strategy we would expect to sewhich is then temporarily reversed at around 1000 exercises
some early drop off of the assistance level. This is becauseRgfore again returning to a lower assistance. It is unclear
100% assistance the system will have very high admittandéom the clinical notes whether there was any change at the
parameters, leading to the system behaving in positiopatient that led to the change at 800 exercises in. Pé&tient
control. In this case iPAM is capable of moving the arm tdFig. 6) demonstrates a slow decrease in assistance over the
the targets without patient effort. It should be the case thdfeatment.
after this initial reduction of assistance setting, any change
to assistance level would be a result of an improvement i
patient movement. In a recovering patient we would expec
to see the assistance level consistently dropping over tin
while the target achievement would drop slightly at eact
reduction of assistance before increasing again to &
attainment close to 8 targets per exercise. It would b
envisioned that this continual improvement would continue
while the patient improved and that by the time assistanc
was down to less than 20%, the patient would require ver
little robot assistance and as such may no longer need iPAI
A target is achieved when the hand reaches to within 5¢cm « Patient C
the virtual target position while a near-miss is set to a 7.5ct 05 200 400 600 800 1000
radius. For this treatment strategy, should a patier Exercise attempt
consistently hit far targets over course of five consecutiVirigure 3. Assistance level vs exercise attempt foefsti, B and C.
exercises, the assistance will be lowered by 5%.
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TABLE I. PATIENT INFORMATION
Baseline Follow-up B Standard Robotic
Patient Sex Trial Site Affseigteed Qgr?uat Ts{'r)c?kgf Fugl Meyer Fugl Meyer F(l:J h?r':/?: I:r therapy therapy
gnup /66 /66 gl Mey (min) (min)
A Male Hull Right 38 Infarction 10 48 38 1245 1026
B Male Aberdeen Left 66 Infarction 23 38 15 620 1079
Male Aberdeen Right 48 Infarction 4 4 0 340 741
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