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pper-Extremity Functional Electric Stimulation–Assisted
xercises on a Workstation in the Subacute Phase of
troke Recovery
an Kowalczewski, Valeriya Gritsenko, PhD, Nigel Ashworth, MD, Peter Ellaway, PhD, Arthur Prochazka, PhD
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ABSTRACT. Kowalczewski J, Gritsenko V, Ashworth N,
llaway P, Prochazka A. Upper-extremity functional electric
timulation�assisted exercises on a workstation in the sub-
cute phase of stroke recovery. Arch Phys Med Rehabil 2007;
8:833-9.

Objective: To test the efficacy of functional electric stimu-
ation (FES)�assisted exercise therapy (FES-ET) on a work-
tation in the subacute phase of recovery from a stroke.

Design: Single-blind, randomly controlled comparison of
igh- and low-intensity treatment.

Setting: Laboratory in a rehabilitation hospital.
Participants: Nineteen stroke survivors (10 men, 9 women;
ean age � standard deviation, 60.6�5.8y), with upper-ex-

remity hemiplegia (mean poststroke time, 48�17d). The main
nclusion criteria were: stroke occurred within 3 months of
nset of trial and resulted in severe upper-limb dysfunction,
nd FES produced adequate hand opening.

Intervention: An FES stimulator and an exercise worksta-
ion with instrumented objects were used by 2 groups to per-
orm specific motor tasks with their affected upper extremity.
en subjects in the high-intensity FES-ET group received
ES-ET for 1 hour a day on 15 to 20 consecutive workdays.
ine subjects in the low-intensity FES-ET group received 15
inutes of sensory electric stimulation 4 days a week and on

he fifth day they received 1 hour of FES-ET.
Main Outcome Measures: Primary outcome measure in-

luded the Wolf Motor Function Test (WMFT). Secondary
utcome measures included the Motor Activity Log (MAL),
he upper-extremity portion of the Fugl-Meyer Assessment
FMA), and the combined kinematic score (CKS) derived from
orkstation measurements. The WMFT, MAL, and FMA were
sed to assess function in the absence of FES whereas CKS
as used to evaluate function assisted by FES.
Results: Improvements in the WMFT and CKS were sig-

ificantly greater in the high-intensity group (post-treatment
ffect size, .95) than the low-intensity group (post-treatment
ffect size, 1.3). The differences in MAL and FMA were not
tatistically significant.

Conclusions: Subjects performing high-intensity FES-ET
howed significantly greater improvements on the WMFT than
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hose performing low-intensity FES-ET. However, this was not
eflected in subjects’ self-assessments (MAL) or in their FMA
cores, so the clinical significance of the result is open to
ebate. The CKS data suggest that high-intensity FES-ET may
e advantageous in neuroprosthetic applications.
Key Words: Electric stimulation therapy; Hemiplegia; Re-

abilitation; Stroke.
© 2007 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

N DEVELOPED COUNTRIES, about 1.5% of the popula-
tion live with the after-effects of stroke (�5.5 million in

orth America).1 Functional recovery of the upper extremity
n average is quite poor, with 55% to 75% of patients having
ignificant permanent deficits in performing activities of daily
iving (ADLs).2,3 In many hemiparetic subjects, functional
lectric stimulation (FES) of the hand muscles can increase arm
unction by generating hand opening and a functional grasp.4,5

oluntarily triggered FES has been the focus of recent studies
f recovery in the upper extremity after a stroke.6-12 A recent
eview concluded that “positive results were more common
hen electrical stimulation was triggered by voluntary move-
ent rather than when non-triggered electrical stimulation was

sed.”12(p65)

FES-assisted exercise therapy (FES-ET) has been found to
mprove hand function during both the subacute stage of re-
overy from a stroke13-16 and the chronic stages.17-19 Despite
umerous studies, the relative efficacy of different durations
nd intensities of exercise remains unclear. Furthermore, the
xercises performed in most studies to date have been poorly
efined and rarely quantified. Accordingly, our study had 2
ain aims: (1) to compare functional outcomes in subjects

andomly assigned to higher and lower intensity FES-ET
roups and (2) to quantify these outcomes with an exercise
orkstation incorporating instrumented manipulanda repre-

enting ADLs. Our hypothesis was that the higher-intensity
ES-ET group would develop better upper-extremity function
hether they were tested with or without FES. Preliminary

eports have been published.20,21

METHODS

ystem
The therapeutic system consisted of a second-generation

orkstation that evolved from a previous design18 and a cus-
om 2-channel FES stimulator. The workstation comprised a
ircular desk with a Lazy-Susan rotatable upper surface that
upported a number of exercise objects (fig 1). These objects
nd the exercises associated with them represented items com-
only manipulated in ADL. Each task required subjects to

each with their affected hand forward from an armrest, open
heir hand, grasp the object, manipulate it, release it, and bring

heir hand back to the armrest. Electronic sensors monitored

Arch Phys Med Rehabil Vol 88, July 2007
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A

isplacement or transit time of each object. Appendix 1 details
he objects, sensors, and exercises. The purpose of instrument-
ng the workstation was to provide the experimenters with
uantitative data.
The sensor signals were digitized at 20 samples per second

ith a custom-built control circuit incorporating a microcon-
rollera and were stored on a desktop computer.

We used a custom FES stimulator in this study.18 It provided
rains of stimuli (50 per second; 200�s biphasic, current-
ontrolled pulses). A pair of electrodes, comprising 5cm diam-
ter wetted cloth pads backed with stainless steel mesh and
lastic covers, were fixed to the subject’s forearm with elastic
traps. The cathodic electrode (negative-going voltage in the
rst phase of each biphasic pulse) was positioned approxi-
ately over the extensor digitorum communis muscle. The

eference electrode was fixed to the dorsal surface just proxi-
al to the wrist joint. Optimal placement and stimulation

trength for maximal hand opening aperture were determined
y trial and error.

articipants
Nineteen volunteers from Edmonton’s Glenrose Rehabilita-

ion Hospital with stroke-induced hemiparesis participated in
his study. The diagnosis of stroke was confirmed in the acute
are facility on the basis of clinical evaluation and computed
omography scans. In all cases, subjects had only suffered 1
troke.

We randomized the subjects into low-intensity (9 subjects)
nd high-intensity (10 subjects) treatment groups. Inclusion
riteria were: (1) stroke less than 3 months prior to the onset
f participation; (2) inability to voluntarily grasp and release
ny 3 objects on the workstation; (3) Brunnstrom stage for
he arm and hand less than 422; (4) Mini-Mental State
xamination score of greater than 1623; and (5) tolerance of

he level of FES needed for hand opening. Exclusion criteria
ere: (1) inability of FES to open the impaired hand suffi-

iently; (2) no voluntary movements of the shoulder and

ig 1. The FES exercise therapy workstation. (A) FES electrodes
ttached to hemiparetic arm. (B) Custom-built workstation with
nstrumented objects representing tasks of daily life. Objects in-
luded a jar with a screw-top lid, a handle attached via a cord and
ulley to an adjustable set of weights, a spring-loaded caliper, a
pring-loaded doorknob, and a box and a jar on position-sensing
ads at different heights and locations. (C) Rest-position sensing
ad and trigger button (on nonparetic side) to control FES. (D)
aboratory interface and computer to collect sensor data. The work-
tation layout was kept constant throughout the trial, and subjects
ere positioned in front of it in a standard way.
lbow; (3) visual hemineglect (on the letter cancellation test, w

rch Phys Med Rehabil Vol 88, July 2007
ore than 2-letter difference)24; (4) severe depression (Cen-
er for Epidemiologic Studies�Depression Scale score

16)25; (5) other serious medical conditions; and (6) inju-
ies to arms or hands. The procedure was approved by the
niversity of Alberta Health Research Ethics Board and all

ubjects signed a letter of informed consent after receiving
n information document describing the project.

ntervention
Subjects took part in the trial every workday for 3 to 4

eeks, in addition to their regular physiotherapy (described
elow). The high-intensity FES-ET group practiced 1 hour of
ES-assisted exercise on the workstation every workday for 3

o 4 weeks (15�20 sessions). Each session consisted of the
ubject manipulating 3 objects on the workstation using his/her
ffected hand for about 20 minutes per object. The task was
epeated as often as possible in the 20-minute span allocated.
he 3 most challenging tasks the subject was able to manipu-

ate were chosen on the first day of therapy and were main-
ained throughout the treatment period for that subject. If an
bject was mishandled or the task not performed properly, the
rial was disregarded and the data were not saved.

The exercises focused on reaching, grasping, manipulating
pulling, rotating, etc), and releasing objects. If the subject was
nable to reach for the tasks a conventional partial weight-
upport sling and frame was used to assist in the movements.
ES-mediated hand opening was controlled by the subject with
pushbutton on a side arm of the workstation. If the subject

ad trouble coordinating button pushing with performance of
he task, the therapist pressed the button instead. At the end of
he treatment period, subjects were returned to their normal
hysiotherapy (PT) regime. No special instructions were given
o them about exercise or rehabilitation after their release from
ospital, and between the 2 follow-up evaluations at 3 and 6
onths post-treatment.
We had originally intended to have a control group that did

ot receive any treatment beyond standard PT. However, this
xperimental design is open to the criticism that beneficial
ffects of the treatment could be partly due to a placebo effect
f participation in a trial featuring a nonstandard component,
amely, electric stimulation. To eliminate this effect, 4 days a
eek we provided the control group with 15 minutes of sensory

lectric stimulation of the dorsal surface of forearm causing
ensation but no motor activation. On the fifth day each week,
his group performed 1 hour of FES-ET on the workstation to
llow comparisons of kinematic scores obtained from the
orkstation sensors with those of the treatment group. Rather

han continuing to call this a control group, we have called it
he low-intensity FES-ET group. Subjects were informed at the
utset that they would be assigned to 1 of 2 treatment proto-
ols, but that there was no way of knowing ahead of time
hether 1 protocol would produce a better outcome than the
ther. The 2 therapists who assisted subjects were instructed
ot to divulge any aspects of the alternative treatment. The
hird therapist who performed the assessments (see below) did
ot know to which group subjects belonged, nor did she take
art in any of the treatment sessions. We therefore believe that
he conditions required of a single-blind study comparing 2
evels of treatment were successfully achieved.

In addition to the above exercise treatments, subjects re-
eived regular hand function therapy in 1-hour sessions, 3 to 4
imes a week. This was customized both in time and type of
xercise for each patient by the staff of the rehabilitation
ospital and occurred independently of our study. Treatment
ocused primarily on learning compensatory strategies to cope

ith disability and increase independence. It included stretch-
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835FES WORKSTATION FOR HAND FUNCTION, Kowalczewski
ng, range of motion (ROM) exercises, guiding objects on a
haped track, whole arm resistance exercises with Thera-
and,b placement tasks, use of a hand cycle, and, in the few

ubjects who had sufficient upper-limb function, shaping
hera-Putty.b

ssessment
We used 2 types of outcome measure, clinical and quanti-

ative, to gauge improvement in upper-extremity function.
First, clinical tests were performed and scored by a second

herapist blinded to a given subject’s treatment. The Wolf
otor Function Test (WMFT)26 was chosen as the primary

utcome measure, because it focuses on motor impairments
ssessed during tasks representative of ADLs. This test has
een independently validated27 and was performed the same
umber of times on subjects in the high- and low-intensity
ES-ET groups in our study. For comparison, we also included

he upper-extremity portion of the Fugl-Meyer Assessment
FMA),28 which assesses elements of motor behavior including
ovement about single joints, synergies, ROM, and grasp. The
MA does not specifically evaluate ADLs. The Motor Activity
og (MAL)29 provided self-reporting of the involvement of the
ffected extremity in ADLs. The WMFT, FMA, and MAL
ere performed and analyzed pretreatment, post-treatment, and

t 3- and 6-month follow-ups.
Second, we derived kinematic scores from sensor readings

n the workstation acquired every fifth day during the treat-
ent session. Except for the shelf placement task, kinematic

cores were obtained for each of the 3 tasks allocated to a given
ubject by dividing the maximal displacement by the time
aken. For each task, this score was normalized to that of a
roup of 4 healthy subjects. The mean of the 3 normalized task
cores was calculated. We call this the combined kinematic
core (CKS). The CKS provided quantitative information on
mprovement in motor performance of the specific tasks on the
orkstation. Because workstation tasks were performed many
ore times by the high-intensity group, the CKS presumably

eflected specific task learning as well as general motor im-
rovement.

Table 1: Details of Subje

Variables

Patient demographic
Age (y)
Total no. of subjects
Male subjects, % (n)
Mean Brunnstrom stage: hand
Mean Brunnstrom stage: arm
Mean treatment duration (wk)
Months poststroke at onset
Percentage of right hemisphere strokes, % (n)
Percentage dominant hemisphere strokes, % (n)
Percentage of ischemic infarcts, % (n)
Percentage of hemorrhagic infarcts, % (n)

Patient workstation performance
Hours exercising on the workstation
Percentage of subjects using the placement task, % (n)
Percentage of subjects using the doorknob task, % (n)
Percentage of subjects using the jar opening task, % (n)
Percentage of subjects using the handle pulley task, % (n)
Percentage of subjects using the spring-loaded caliper task, %
OTE. Values are mean � standard deviation or as indicated.
tatistical Methods
We implemented the Shapiro-Wilks W test for normally

istributed data30 for each set of scores in Excel 2003.c To test
he null hypothesis that the scores obtained by the high- and
ow-intensity treatment groups were from the same population,
e performed F tests equivalent to an analysis of covariance
ith the regression package in SigmaPlot.d For each outcome
easure, linear regressions were performed on the data ob-

ained from the high- and low-intensity groups and then on the
ombined data.31 Sums of squared differences (SSD) between
he 3 regression lines and the 3 sets of data (2 separate, 1
ombined) were computed. If the separate sets of data were
ignificantly different, SSDcombined was larger than the sum of
he separate SSDs. F values were computed from the SSDs and
orresponding degrees of freedom (df) according to the equa-
ion below, and the null hypothesis was tested (P�.05).

F � [(SSDcombined � SSDseparate) ⁄ SSDseparate] ⁄

[(dfcombined � dfseparate) ⁄ dfseparate)]

he Tukey honestly significant difference (HSD) was used post
oc to test for the significance (P�.05) of differences between
he mean scores obtained by the high- and low-intensity treat-
ent groups at given time points (eg, 3-mo, 6-mo follow-

ps).32 All data sets (WMFT, MAL, FMA, CKS) were nor-
ally distributed according to the Shapiro-Wilks W test.

RESULTS
Table 1 shows the characteristics of subjects randomized

nto the high- and low-intensity treatment groups. Age, func-
ional level, time poststroke, and treatment duration were well
atched.
Figure 2 provides the CONSORT chart showing details of

ubject participation.

linical Scores
Table 2 shows group mean WMFT scores of motor im-

airment and median time taken to perform tasks during and

articipating in the Study

High-Intensity Treatment Group Low-Intensity Treatment Group

59.4�19.7 61.7�11.0
10 9

40 (4) 67 (6)
1.8�0.4 1.9�0.6
2.1�0.3 2.2�0.6
3.8�0.4 3.7�0.5
1.6�0.5 1.6�0.7
60 (6) 78 (7)
50 (5) 33 (3)
80 (8) 67 (6)
20 (2) 33 (3)

19.0�2.1 4.8�0.4
100 (10) 100 (9)
70 (7) 78 (7)
20 (2) 22 (2)
50 (5) 67 (6)
40 (4) 22 (2)
cts P

(n)
Arch Phys Med Rehabil Vol 88, July 2007
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836 FES WORKSTATION FOR HAND FUNCTION, Kowalczewski

A

fter the treatment period. Each subject performed 15 tasks,
ach of which was timed and scored on the range 0 to 5 for
unction. The means of these 15 scores were calculated, and
hese were used to calculate the group means and standard
eviations (SDs) of the means (standard errors) shown in
able 2. An F test showed a significant difference between
he high- and low-intensity groups in both parts (ability and
edian time) of the WMFT (F test, P�.05). Post hoc paired

omparisons of the mean WMFT ability scores showed no
ignificant difference between the groups at the onset of
reatment. The difference immediately after treatment just
ailed to reach significance (P�.054) after correction for re-
eated measures (Tukey HSD). A significant difference had
eveloped by the 3-month follow-up but significance was lost
t 6 months.

Though individual paired post hoc comparisons of the mean
AL scores in table 2 did not reach significance, apart from 1

ase (MAL quality of movement [QOM] at 3 months), F values
f 3.32 (MAL amount of use) and 3.36 (MAL QOM) were
ignificant.

FMA scores did not differ significantly between the high-
nd low-intensity FES-ET groups.

ombined Kinematic Scores
Figure 3 shows mean CKS values pretreatment and then at

eekly intervals during the 4-week treatment. In all cases,
hese values were obtained during a single workstation

ig 2. CONSORT flowchart showing details of subject participa-
ion.
ession. In the treatment period, this session occurred at the a

rch Phys Med Rehabil Vol 88, July 2007
nd of each week. Unfortunately, no kinematic data could be
ollected at the 3- and 6-month follow-ups due to the logis-
ical difficulties of bringing subjects back to the hospital-
ased workstation from their home environments.
The mean CKS in the high-intensity group began to

iverge significantly from that of the low-intensity group
fter 3 weeks of therapy (F test with post hoc Tukey HSD,
�.05; effect size, .80). By the fourth week, the CKS in the
igh-intensity group had more than tripled whereas in the
ow-intensity group, it had only increased by about 20%.
he difference was significant (F test with post hoc Tukey
SD).

DISCUSSION
In this study, we compared the rehabilitative effect in

ubacute hemiplegic subjects of 2 levels of FES-ET per-
ormed on an instrumented workstation. Both groups
howed improvements in the primary outcome measure, as
ight be expected from previous studies.12,33 The high-

ntensity group had significantly better WMFT scores over-
ll than the low-intensity group.

Regarding the clinical importance of the differences be-
ween the high- and low-intensity groups, one measure in
he literature is the Cohen d for effect size (difference
etween mean scores divided by the pooled SD34). For the
FMT functional ability scores, the Cohen d value was .95

mmediately post-treatment, 1.4 at 3 months, and 0.48 at 6
onths. Cohen defined an effect size of 0.2 as small, 0.5 as
edium, and 0.8 as large. Thus, the WFMT’s ability score

howed a large effect size post-treatment and at 3 months,
nd a medium effect size at 6 months. Unfortunately, there
re no data in the literature on the minimal clinically im-
ortant difference (MCID) for the WFMT.
The F test indicated that the mean MAL scores were

ignificantly larger in the high-intensity FES-ET group than
he low-intensity FES-ET group, though post hoc analysis of
pecific time points with the Tukey correction for multiple
omparisons indicated that the difference only reached sta-
istical significance in 1 case (MAL QOM at 3mo). The
ffect sizes were medium to large, but this may have been
ecause the absolute MAL scores in both groups were very
ow. Regarding clinical significance, the MCID for MAL
cores has been quoted as 0.5.35 The largest increase in

AL score in our study was only .16, indicating that the
ains in upper-extremity function in the absence of FES
ere not clinically significant. It is important to note that, in

he absence of FES, the majority of patients in both groups
till could not voluntarily open their more affected hand at
he end of treatment.

The mean FMA evaluates whole-arm ROM. The upper-
xtremity exercises in our study may have been too specific
o produce large enough improvements in this outcome
easure to reach significance in our sample.
On the other hand, by the end of the 4-week treatment

eriod, the high-intensity FES-ET group had more than
ripled their CKS, whereas the low-intensity FES-ET group
ad not shown a significant change. The effect size of the
ifference between the high- and low-intensity groups at 4
eeks was 1.3 (large). It is worth stressing that, in both
roups, the CKS data refer to workstation sessions in which
ES was used, and furthermore, that the final CKS attained
y the high-intensity group was still less than 20% of that of
ble-bodied subjects. The CKS data therefore show that
ES-assisted motor function improves by a significant

mount with higher-intensity FES-ET. This has not been shown
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837FES WORKSTATION FOR HAND FUNCTION, Kowalczewski
efore and is of importance in relation to the long-term neuro-
rosthetic use of FES in daily life.

A recent study15 showed that 0.5 hours a day of FES-
ssisted therapy continues to improve motor function for up
o 12 weeks. This is also supported by previous studies with
ore intense and prolonged therapy sessions.19,36,37 Our

tudy of subjects in the subacute stage of stroke recovery
dds further support to the general conclusion that FES-
ssisted exercise therapy introduced in the early stages of

ig 3. Mean CKS � standard error computed from the workstation
ata over the 4-week duration of treatment. The pretreatment val-
es are those obtained during a single workstation session during
he assessment stage. Each group was tested at the end of each
eek. Legend: black symbols, high-intensity FES-ET group; gray

Table 2: Mean

Test Pre

WMFT ability score
High-intensity group 1.31�0.10
Low-intensity group 1.24�0.15
Effect size (Cohen d) NA

WMFT median time taken
High-intensity group 115.5�4.5
Low-intensity group 99.3�13.8
Effect size (Cohen d) NA

MAL AOU
High-intensity group .006�.004
Low-intensity group .020�.011
Effect size (Cohen d) NA

MAL QOM
Low-intensity group .017�.010
Effect size (Cohen d) NA

FMA
High-intensity group 7.8�1.5
Low-intensity group 6.0�2.0
Effect size (Cohen d) NA

OTE. Values are mean � standard error.
bbreviations: AOU, amount of use scale; NA, not applicable; QOM
Statistically significant differences between high- and low-intensity
i
ymbols, low-intensity FES-ET group. *Significant difference with
ost hoc Tukey HSD (P<.05).
ehabilitation leads to clinically important improvements in
pper-extremity function.
We cannot exclude the possibility of a learning effect in

he CKS data, because the high-intensity FES-ET group
erformed the workstation tasks for 5 hours a week com-
ared with 1 hour a week in the low-intensity FES-ET
roup. However, the high-intensity group also had signifi-
antly larger improvements in the WMFT, which tests per-
ormance in a different and more widely ranging set of
otor tasks than those on the workstation. The learning of

he specific tasks on the workstation thus apparently gener-
lized to a broader range of motor activities.

Regarding the design of our trial, previous studies of
ES-ET have either used patients as their own controls in a
epeated-measures design,18,19 or they have compared treat-
ent groups with control groups either receiving no treat-
ent other than conventional PT, or some additional amount

f conventional PT not involving electric stimulation.13,14,38

t face value, these designs provide a cleaner dichotomy
etween treatment and control groups. However, in our
pinion, they do not take into account the motivational
spect of taking part in a clinical trial of a new form of
reatment. The sensory electric stimulation and the 1-hour-
-week workstation sessions in our trial provided a plausible
lternative treatment that we believe matched the motiva-
ional effect in the 2 groups.

Quantitative evaluation of motor improvement will, in our
pinion, become increasingly important in the future, not
nly for evaluating and comparing treatments, but also for
roviding those participating in exercise treatments with
nbiased feedback and incentive. This was our rationale for
ntroducing the workstation concept39 and developing it
urther in this study. Regarding the design of the worksta-
ion used, some features were more successful than others.
verall, the device was judged to be too bulky, especially if

t is to be deployed in subjects’ homes, as would be crucial
f FES-ET is to be extended after release from the rehabil-

al Test Scores

Post 3 Months 6 Months

.87�0.14 1.96�0.17* 2.36�0.33

.39�0.18 1.35�0.17 1.96�0.32
0.95 1.40 0.48

5.5�16.4* 36.5�15.2* 23.7�13.5
0.7�13.5 91.0�14.7 69.7�17.4

0.95 1.15 0.93

40�.017 .073�.027 .152�.044
35�.012 .006�.004 .086�.036

0.09 1.09 0.56

32�.013 .008�.004 .089�.039
0.29 1.2 0.56

4.2�2.6 17.0�3.8 23.1�4.7
9.6�2.8 12.3�3.5 19.0�5.4

0.53 0.47 0.30

lity of movement.
ups (post hoc Tukey HSD).
Clinic

1
1

4
9

.0

.0

.0

1

tation hospital. The rotating support surface, although good
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A

n principle because it allowed task modules to be positioned
n front of subjects, turned out to be too heavy for subjects
o rotate without assistance. Sometimes, nonattached objects
n the workstation fell or moved out of reach, requiring the
ssistance of the supervising therapist. Accordingly, we
ave developed a new workstation in the form of a spring-
oaded arm with attached manipulanda for future work.40

CONCLUSIONS
The results of this study suggest that conventional therapy
the upper extremity in stroke. J Rehabil Med 2005;37:65-74.
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ver 4 weeks can provide improvements in upper-limb motor
mpairment in the subacute phase of stroke recovery, although
urther work needs to be done to qualify clinically significant
mprovements in this group of patients. The study therefore
ffers further evidence in support of FES-assisted rehabilitation
s a complement to traditional rehabilitation.
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APPENDIX 1: DETAILS OF OBJECTS ON WORKSTATION, SENSORS ATTACHED TO THEM,
AND THE ASSOCIATED EXERCISES

Object Sensor Task

A spring-loaded doorknob Potentiometer signaling rotational displacement Rotation of the doorknob
A handle attached via a cord and pulley to an

adjustable set of weights
Potentiometer signaling displacement Pulling the handle toward the body

Rectangular blocks and cylinders of different
sizes; shelves at 2 heights above surface

Photoelectric sensors signaling presence of
object on pads or in docking bays

Transferring a block or cylinder
from 1 location to another

A jar with a screw-top lid Photoelectric sensor signaling 1 complete turn Unscrewing the lid
A spring-loaded caliper Potentiometer signaling displacement, from

which force was derived
Squeezing the 2 arms of the caliper

together between thumb and
fingers
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