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4 Zusammenfassung

Zusammenfassung

Haptische Demonstration ist eine gdngige Methode im therapeutischen sowie sport-,
musik- und arbeitswissenschaftlichen Kontext, um motorische Fertigkeiten zu trai-
nieren. Dabei versucht ein Trainer einem Schiiler eine Bewegung beizubringen, in-
dem er ihn physisch durch diese fiihrt. Seit einigen Jahren gibt es Bestrebungen, Ro-
boter zu entwickeln, welche den Schiiler fithren und somit menschliche Therapeuten
und Trainer unterstiitzen und ersetzen kénnen. Verschiedenste Roboter wurden bis-
her entwickelt, um Bewegungen der oberen Extremitdten sowie Laufbewegungen zu
unterstiitzen, und eine Vielzahl experimenteller Studien wurde durchgefiihrt, um
deren Wirksamkeit zu untersuchen. Die Ergebnisse dieser Studien sind jedoch sehr
ambivalent: Bis heute ist unklar, ob ein haptisches Robotertraining Bewegungslernen
fordern kann und welche Vorteile es gegeniiber anderen Trainingsmethoden bietet.
Die Ergebnisse einiger Untersuchungen liefern allerdings erste Hinweise darauf,
dass moglicherweise dynamische Aspekte wie Timing oder Geschwindigkeit beson-
ders von einem solchen Training profitieren. Ziel der vorgestellten Arbeiten war es
daher, den Einfluss einer Roboterunterstiitzung auf das Erlernen von rdumlichen
und dynamischen Aspekten bei verschiedenen motorischen Aufgaben differenzierter

zu untersuchen.

Zur experimentellen Bearbeitung der Fragestellung wurden drei Studien durchge-
fiihrt, bei welchen die Probanden verschiedene feinmotorische Bewegungen erlernen
sollten. Die Leistung von Experimentalprobanden, welche in einer Lernphase von
einem Roboter unterstiitzt wurden, wurde jeweils mit der Leistung von Kontrollpro-
banden verglichen. Studie 1, in welcher die Probanden lernen sollten, eine Zeichen-
bewegung mit einem unnatiirlichen Geschwindigkeitsprofil auszufiihren, konnte
keine eindeutigen Ergebnisse beziiglich der Effektivitidt des Robotertrainings liefern.
Nach Abschalten der Roboterunterstiitzung unterschieden sich die Gruppen zwar in
Bezug auf das dynamische Merkmal Geschwindigkeitsmodulation, die Ergebnisse
legten jedoch nahe, dass dies aufgrund von Sekundareffekten zu Stande gekommen
ist. In Studie 2 wurde der Einfluss eines Robotertrainings auf verschiedene Arten

motorischen Timings untersucht. Es zeigte sich, dass das Erlernen von relativem Ti-
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ming besonders von der Roboterunterstiitzung profitiert. Studie 3 konnte zeigen,
dass eine haptische Demonstration forderlich fiir das Erlernen des Geschwindig-
keitsprofils der Bewegung ist, wogegen visuelle Demonstration besser fiir das Erler-

nen der raumlichen Bewegungsaspekte geeignet ist.

Zusammenfassend unterstiitzen die Ergebnisse der drei Studien die Hypothese, dass
ein haptisches Robotertraining fiir das Erlernen dynamischer Bewegungsaspekte ge-
eignet ist, wogegen raumliche Merkmale weniger von dieser Art des Trainings profi-

tieren.



6 Abstract

Abstract

Haptic guidance, where the teacher demonstrates a desired movement to the student
by moving his limb, is a common technique for motor skill training of impaired and
healthy persons. There is an increasing interest in developing robotic devices for hap-
tic guidance and thereby making motor skill training more efficient. Various robots
have been developed to support movements of the upper limbs and gait, and many
studies have been conducted to evaluate their effects on motor learning. The results
of these studies are quite ambiguous. The question whether robotic guidance can
facilitate motor learning and is superior to other training protocols is not answered
yet. However, there is tentative evidence that the learning of dynamic movement
characteristics, such as timing and velocity, might profit in particular from robotic
guidance training. The purpose of the present studies was therefore to further inves-
tigate the effects of such training on the learning of dynamic and spatial aspects in

different motor tasks.

Three studies in which participants learned to perform different motor tasks were
conducted. In each case the performance of an experimental group, who was sup-
ported by a robot in a learning phase, was compared to the performance of a control
group without guidance during learning. The results of Study 1, in which partici-
pants had to learn to make a movement with an unnatural velocity profile, did not
provide clear evidence as to the effects of the robot training. After the guidance had
been removed, experimental participants were still more accurate in the dynamic
measure of velocity profile amplitude, but the results suggest that this was due to
secondary effects of the task. In Study 2 the effects of robotic guidance on different
kinds of motor timing were investigated. It could be shown that the learning of rela-
tive timing benefits in particular from the robot training. Study 3 proved that haptic
guidance is superior for the learning of the velocity profile of the movement, whereas
visual demonstration is better for the learning of spatial aspects. Taken together, the
results of the three studies confirm the hypothesis that robotic guidance training can

support the learning of dynamic, but not of spatial movement characteristics.
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1 Einleitung

Das Erlernen motorischer Fertigkeiten und die Auge-Hand-Koordination gehort zu
den wesentlichen Herausforderungen im alltdglichen Leben. Verschiedenste Trai-
ningsmethoden wurden daher entwickelt, um Bewegungslernen im therapeutischen
sowie sport-, musik- und arbeitswissenschaftlichen Kontext moglichst effizient und
effektiv zu gestalten. Haptische Demonstration ist eine dieser Trainingmoglichkeiten.
Dabei besteht ein direkter mechanischer Kontakt zwischen einem Therapeuten oder
Trainer und einem Patienten oder Schiiler und ersterer demonstriert die Bewegung,
indem er letzteren physisch durch diese fithrt (Henmi & Yoshikawa, 1998). Haptische
Demonstrationen, mit welcher ein Tennistrainer beispielsweise seinem Schiiler einen
Aufschlag oder der Therapeut einem Schlaganfallpatienten das Greifen nach einem
Glas beizubringen versucht, sind weit verbreitet. Die rasche Entwicklung neuer
Technologien bietet nun neue Moglichkeiten zur Gestaltung haptischen Trainings. So
lassen sich robotische Gerdte dazu nutzen, um Bewegungslernen zu verbessern
(Reinkensmeyer & Patton, 2009). Bei einem haptischen Robotertraining tibernimmt
ein Roboter die Aufgabe des Therapeuten beziehungsweise Trainers und demons-
triert die jeweilige Bewegung, indem er den Schiiler mit den entsprechenden Bewe-

gungsdynamiken entlang einer bestimmten Trajektorie fiihrt.

Verschiedenste robotische Gerdte wurden bisher entwickelt, um Bewegungslernen
zu unterstiitzen (siehe Marchal-Crespo & Reinkensmeyer, 2009 zur Ubersicht). Bis
heute ist die Effizienz dieser Trainingsmethode jedoch nicht eindeutig belegt. Ziel
der vorliegenden Arbeiten war es daher, anhand zweidimensionaler feinmotorischer
Zeichenbewegungen zu untersuchen, ob ein haptisches Robotertraining das Erlernen

rdaumlicher und/oder dynamischer Bewegungsmerkmale férdern kann.

1.1 Theoretischer Hintergrund

Neben dem visuellen Eindruck spielt beim Erlernen motorischer Fertigkeiten die
Propriozeption eine zentrale Rolle (Ghez, Gordon, Ghilardi & Christakos, 1995; Ghez,
Gordon, Ghilardi, Christakos & Cooper, 1990; Gordon, Ghilardi & Ghez, 1995; Sain-
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burg, Ghilardi, Poizner & Ghez, 1995). Propriozeption beschreibt die Wahrnehmung
der Lage (Positionssinn) und Bewegung (Kindsthesie) der eigenen Gliedmafien im
Raum (Schmidt, 1998). Sie fiihrt zusammen mit der taktilen Wahrnehmung, der
Temperaturwahrnehmung und der Nozizeption zu einem haptischen Sinnesein-
druck. Wird eine Bewegung rein visuell demonstriert, so erhalt der Schiiler Informa-
tionen, welche in einem visuell-rdumlichen Koordinatensystem reprasentiert sind.
Wenn die Bewegung nun nachgeahmt werden soll, miissen diese Informationen zu-
ndchst in ein kinematisch-propriozeptives Koordinatensystem tibersetzt werden, um
die Krifte der Muskeln und die Lage der Gelenke zu spezifizieren (Desmurget, Pelis-
son, Rossetti & Prablanc, 1998; Feygin, Keehner & Tendick, 2002; Grindlay, 2008;
Krakauer, Ghilardi & Ghez, 1999; Lee & Choi, 2010). Dies kann mitunter zu Schwie-
rigkeiten fithren. Gelingt die Ubersetzung nicht, wird der Schiiler keine korrekte
propriozeptive Riickmeldung erhalten, d. h. er wird nicht erfahren, wie sich die rich-
tige Bewegung ,anfiihlt”. Bewegungslernen kann somit erschwert sein. Eine hapti-
sche Demonstration dagegen ermoglicht dem Schiiler, die korrekte Bewegung nicht

nur visuell wahrzunehmen, sondern auch propriozeptiv zu erfahren.

Traditionell erfolgt die haptische Demonstration durch einen Therapeuten oder Leh-
rer, indem dieser mit seiner Hand das entsprechende Korperglied des Patienten oder
Schiilers fiihrt. Ist ein Objekt Teil der zu erlernenden Bewegung, so gibt es laut Gil-
lespie, O'Modhrain, Tang, Zaretzky und Pham (1998) drei verschiedene Kontaktpa-
radigmen, welche sich darin unterscheiden, wie der Kontakt zwischen Trainer, Schii-
ler und Objekt arrangiert ist. Beim indirekten Paradigma existiert kein direkter Kon-
takt zwischen Schiiler und Lehrer, sondern beide fassen das Objekt an verschieden
Stellen. Der Lehrer fiihrt das Objekt und der Schiiler soll die Bewegung zu einem
spdteren Zeitpunkt reproduzieren. Da dieser jedoch wéhrend der Demonstration
sowohl die Dynamiken des Objektes als auch die des Lehrers spiirt, kann es ihm
schwer fallen, diese zu trennen und somit Implikationen fiir das eigene Verhalten
abzuleiten. Dem entgegen stehen zwei direkte Kontaktparadigmen. Beim einfachen
direkten Kontaktparadigma legt der Schiiler seine Hand auf die des Lehrers, wih-
rend dieser das Objekt manipuliert. Dabei kann der Schiiler die Handlung des Leh-
rers und gleichzeitig die Dynamiken des Objektes erleben. Da die Objektdynamiken
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jedoch durch die Hand des Lehrers gefiltert werden, sind diese nur spiirbar, wenn
die mechanische Impedanz des Objektes nicht zu gering im Vergleich zu der der
Hand des Lehrers ausfillt. Beim doppelten Kontaktparadigma schliefslich greift der
Lehrer die Hand des Schiilers, welche wiederum das Objekt hilt. Somit hat der Schii-
ler zwei Kontakte und spiirt gleichzeitig die Aktionen des Lehrers sowie die Reak-

tionen des Objektes, welche getrennt attribuiert werden kénnen.

In jedem dieser drei Félle kann die Interaktion anstatt mit einem menschlichen auch
mit einem robotischen Trainer erfolgen. Dabei konnen die Kréfte beispielsweise auch
direkt tiber das betreffende Objekt, z. B. einen Schldger oder Stift, {ibertragen wer-
den. Der Schiiler oder Patient kann dieses Objekt greifen und von diesem gefiihrt
werden. Diese Substitution durch einen Roboter bietet einige Vor-, aber auch Nach-
teile, welche in den folgenden zwei Abschnitten gemeinsam mit den Vor- und Nach-

teilen haptischer Trainings im Allgemeinen ausfiihrlicher diskutiert werden.

1.1.1 Vorteile haptischer Robotertrainings

Verschiedene Studien (Blandin, Lhuisset & Proteau, 1999; Laguna, 2000) konnten
zeigen, dass motorisches Lernen verbessert werden kann, wenn die Probanden zu-
sdtzlich zu einer visuellen Demonstration der Bewegung die Gelegenheit erhalten,
diese praktisch auszufiihren und somit haptisch zu erfahren. Bei sehr komplexen
Bewegungen kann die Produktion der korrekten Bewegung anfidnglich jedoch
schwierig sein. Wie einleitend bereits erwadhnt, liegt der grofite Vorteil eines hapti-
schen Trainings somit darin, dass es dem Schiiler oder Patienten ermoglicht, die kor-
rekte Bewegung von Anfang an korrekt zu erleben, nachzufiihlen und daraus
Schliisse zu ziehen, wie die Bewegung repliziert werden kann (Liu, Cramer & Rein-
kensmeyer, 2006, Reinkensmeyer & Patton, 2009). Zudem kann durch das haptische
Training somatosensorische Stimulation und kortikale Plastizitdt gefordert werden
(Carel, Loubinoux, Boulanouar, Manelfe, Rascol, Celsis & Cholet, 2000; Weiller,
Jueptner, Fellows, Rijntjes, Leonhardt, Kiebel, Miiller, Diener & Thilmann, 1996). Fitts
(1964) unterscheidet beim Erlernen motorischer Fertigkeiten drei Phasen: In der kog-

nitiven Phase entwickelt der Lernende zunichst ein Verstandnis der Aufgabe. Die
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Bewegung wird bewusst verbal reprasentiert. In der exekutiven Phase wird dann
eine Methode ausgewaihlt, mit welcher die Aufgabe gelost werden soll. Einzelne Be-
wegungskomponenten werden entsprechend ihrer Wirksamkeit evaluiert und gege-
benenfalls modifiziert. In der autonomen Phase schliefilich ist keine bewusste Kont-
rolle, beispielsweise in Form von Verbalisierungen, mehr nétig. Ein haptisches Trai-
ning soll das motorische Lernen vor allem innerhalb der ersten beiden dieser drei
Phasen fordern konnen (Feygin et al., 2002). Dabei trégt es in der ersten Phase dazu
bei, die Aufgabe zu demonstrieren und verbale Instruktionen mit motorischen An-
forderungen zu verkntipfen. In der assoziativen Phase werden konkrete Bewegun-

gen gezeigt, mit welchen die Aufgabenanforderungen gelost werden konnen.

Ein grofier Vorteil haptischer Trainings liegt darin, dass diese nicht auf visuelle
Wahrnehmung angewiesen sind. Dies eroffnet nicht nur neue Trainingsmoglichkei-
ten fiir visuell beeintrachtigte Personen, sondern ist auch besonders hilfreich fiir das
Trainieren solcher Bewegungen, welche ein koordiniertes Zusammenwirken ver-
schiedener Gelenke erfordern, wiahrend der Blick auf Objekte auSerhalb des Korpers
gerichtet ist, z. B. beim Erlernen von Ballsportarten (Reinkensmeyer & Patton, 2009).
Allgemein kann haptische Fiihrung dazu beitragen, Aufmerksamkeitsressourcen frei
zu machen (Palluel-Germain, Bara, Hillairet de Boisferon, Hennion, Gouagout &
Gentaz, 2007), was zum einen beim Training von Personen mit Aufmerksamkeitssto-
rungen niitzlich ist, aber auch beim Erlernen sehr komplexer Bewegungen hilfreich
sein kann. Bestimmte Bewegungskomponenten kénnen somit gefithrt werden, wah-
rend das Augenmerk auf die Perfektionierung anderer Komponenten gelegt werden

kann (Reinkensmeyer & Patton, 2009).

Haptische Fithrung verhindert grofie Bewegungsfehler. Dies macht das Training
zum einen sicherer (Huegel & O'Malley, 2010; Marchal-Crespo & Reinkensmeyer,
2008a; Schmidt & Lee, 1999), vor allem wenn es um Bewegungslernen von z. B. Lauf-
bewegungen bei stark beeintrachtigten Personen geht, fiir welche anderenfalls das
Risiko eines Sturzes o. 4. bestehen wiirde. Zum anderen kénnen laut Sanger (2004) zu
grofie Fehler zu Beginn des Trainings Lernen verhindern, sodass es sinnvoll sein

kann, Fehler, zumindest anfanglich, zu unterbinden.
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Im Vergleich zu humanen Trainern bieten Roboter einige ganz pragmatische Vortei-
le: Ein robotischer Trainer kann, ebenso wie menschliche Trainer und Therapeuten,
die Leistung des Schiilers standig registrieren und bewerten und darauf aufbauend
Riickmeldung geben und mit diesem interagieren. Im Vergleich zu menschlichen
Trainern sind Roboter dabei jedoch weitaus genauer und konsistenter, d. h. wahrend
menschliche Bewegungen einer gewissen Variabilitdt unterliegen, sind Roboter dazu
in der Lage, eine Bewegung immer in exakt der gleichen Weise zu demonstrieren
(Solis, Avizzano & Bergamasco, 2002). Dabei unterliegen sie keiner Ermiidung, die
Demonstration kann beliebig oft wiederholt werden und Lernfortschritte kénnen
numerisch registriert werden. Roboter sind zudem weniger arbeitsintensiv und auf
lange Sicht auch kostengtinstiger als humane Trainer (Liu et al.,, 2006; Marchal-

Crespo, Furumasu & Reinkensmeyer, 2010).

Die Auswahl der konkreten Bewegungsbahn und Dynamik, welche der Roboter de-
monstrieren soll, kann nach verschiedenen Methoden erfolgen. Neben der willkiirli-
chen Bestimmung der Bewegungstrajektorie und der Dynamiken, welche dem Robo-
ter iibergeben werden, ist eine weitere Moglichkeit die sogenannte ,record-and-
play” Strategie (z. B. Yokokohji, Hollis, Kanade, Henmi & Yoshikawa, 1996, Henmi &
Yoshikawa, 1998; Srimathveeravalli & Thenkurussi, 2005). Dabei wird die Bewegung
eines Experten zundchst mit Hilfe eines robotischen Gerites aufgezeichnet und spa-
ter fiir den Schiiler abgespielt. Vorteil dieser Methode ist, dass die natiirliche Bewe-
gung eines menschlichen Experten demonstriert wird, Lehrer und Schiiler jedoch
rdaumlich sowie zeitlich voneinander unabhingig sind (Hemni & Yoshikawa, 1998;
Solis et al., 2002; Teo, Burdet & Lim, 2002). Die Bewegung des Lehrers kann zudem
flexibel in Bezug auf Parameter wie Geschwindigkeit, Kraft und Skalierung modifi-
ziert und somit an die individuellen Anforderungen des Schiilers beziiglich Korper-
grofie, Kraft und Fertigkeitslevel angepasst werden (Hemni & Yoshikawa, 1998; Teo
et al., 2002). Eine weitere Moglichkeit fiir die Modellierung der gewidhlten Bewegung
bieten Computermodelle motorischen Lernens, auf deren Basis die passenden Kréfte

bestimmt werden konnen (Reinkensmeyer & Patton, 2009).

Abschliefiend sei auf die psychologische Komponente eines haptischen Robotertrai-

nings hingewiesen. Da mit Hilfe des Roboters die korrekte Bewegung unmittelbar
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ausgefiihrt werden kann, empfinden gerade Patienten mit starken Beeintrachtigun-
gen dieses Training als weniger entmutigend und frustrierend als herkémmliche
Trainings, bei welchen oft hunderte vergebliche Wiederholungen absolviert werden
(Marchal-Crespo & Reinkensmeyer, 2009; Reinkensmeyer & Housman, 2007; Rein-
kensmeyer & Patton, 2009).

1.1.2 Probleme haptischer Robotertrainings

Neben den vielen Vorteilen, welche ein haptisches Training bietet, gibt es auch einige
Zweifel an diesem Paradigma. Zwar ermoglichen haptische Trainings, wie oben be-
schrieben, dass der Schiiler die korrekte Bewegung erlebt und propriozeptive Infor-
mationen erhdlt. Reinkensmeyer und Patton (2009) bemerken jedoch, dass dies nicht
zwangsldufig bedeutet, dass die Informationen auch in die entsprechenden motori-
schen Kommandos tibersetzt werden kénnen. Wahrend die haptische Fithrung per
Definition zu einer besseren Leistung wahrend des Trainings fiihrt, bleibt somit un-
klar, ob die Leistung auch dann erhalten werden kann, wenn die Fiihrung abgeschal-

tet wird und der Schiiler die Bewegung vollig frei ausfithren muss.

Die Verhinderung von Fehlern kann zudem negative Implikationen mit sich bringen.
So werden Fehler in vielen Modellen als essentieller Bestandteil motorischen Lernens
angesehen, auf deren Basis das Bewegungsziel mit der tatsdchlichen Bewegung ver-
glichen und anschlieffend eine Bewertung und Korrektur letzterer vorgenommen
wird (z. B. Kawato, Furukawa & Suzuki, 1987; Schmidt, 1975). Finden nun keine Feh-
ler statt, konnte dieser Prozess gestort werden (Reinkensmeyer & Patton, 2009). Eini-
ge Autoren (z.B. Basteris & Sanguineti, 2011, Huegel & O'Malley, 2010; Marchal-
Crespo & Reinkensmeyer, 2008a; Marchal-Crespo & Reinkensmeyer, 2009; Rein-
kensmeyer & Patton, 2009; Winstein, Pohl & Lewthwaite, 1994) weisen zudem darauf
hin, dass durch die haptische Fithrung die Aufgaben- und Bewegungsdynamiken
verdndert werden konnen und somit die Dynamiken wéhrend des Trainings nicht
identisch mit denen der realen Aufgabe sind, was Bewegungslernen erschweren

kann.
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Ein weiteres grofses Problem bei haptischen Trainings wird hdufig mit dem Begriff
,Slacking” beschrieben (Marchal-Crespo & Reinkensmeyer, 2009). Dieses meint die
Tendenz der Schiiler, nachldssig zu werden, sobald sie merken, dass ihre Bewegung,
unabhéngig ihrer eigenen Leistung, vom Roboter unterstiitzt wird. Eine Abnahme in
der Anstrengung, Aufmerksamkeit und Motivation kann die Folge sein. Somit ent-
wickelt sich eine Art Abhéngigkeit (dhnlich wie zuvor schon bei verschiedenen Arten
von Riickmeldung gezeigt, z. B. Ho & Shea, 1978; Winstein, Pohl, Cardinale, Green,
Scholtz & Walters, 1996) von der haptischen Fiihrung, welche dazu fiihrt, dass die
Leistung der Schiiler sich verschlechtert, sobald sie die Bewegung frei ausfiihren sol-
len (Lee & Choi, 2010; Marchal-Crespo & Reinkensmeyer, 2008a; Schmidt & Bjork,
1992).

Neben den generellen Nachteilen haptischer Trainings kann auch die Substitution
menschlicher Trainer oder Therapeuten durch robotische Gerite problematisch sein.
Laut Schmidts Schema-Theorie des motorischen Lernens entwickeln Menschen auf
Basis ihrer bisherigen Erfahrungen Regeln iiber ihr motorisches Verhalten (soge-
nannte Schemata) in Form von Parameter-Wirkungsbeziehungen (Schmidt, 1975). Je
mehr Erfahrungen eine Person macht, desto genauer kann demnach die Regel fiir ein
zukiinftiges Verhalten bestimmt werden. Verschiedene Studien konnten die aus die-
ser Theorie abgeleitete Vorhersage, dass variable Trainingsbedingungen effektiver
fur das Erlernen einer Regel sind als konstante Bedingungen, bestdtigen (z. B. Lee,
Magill & Weeks, 1985; Shapiro & Schmidt, 1982; Shea & Kohl, 1991). Vor diesem Hin-
tergrund konnte die in Abschnitt 1.1.1 als Vorteil angefiihrte Konsistenz der Bewe-

gung des Roboters auch nachteilig fiir das Bewegungslernen sein.

1.1.3 Eine offene Frage: Welche Bewegungsmerkmale profitieren von einem hapti-

schen Robotertraining?

Eine zentrale Fragestellung in der Forschung zu haptischen Robotertrainings betrifft
die Identifikation von Bewegungsmerkmalen, welche von einem solchen Training
profitieren. Jede Bewegung besteht aus raumlichen sowie aus zeitlichen Merkmalen.

Dabei beschreiben erstere die Form der Bewegung im Raum, wogegen letztere den
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zeitlichen Verlauf der Bewegung bezeichnen (Georgorpoulos, 2002). Bei der zeitli-
chen Koordination von Bewegungen kann zudem weiter zwischen absolutem und
relativem Timing unterschieden werden (Terzuolo & Viviani, 1980; Schmidt, 1985).
Dabei bezeichnet absolutes Timing die Gesamtdauer einer Bewegung, wogegen rela-
tives Timing die verhiltnismafliigen Dauern einzelner Teilbewegungen beschreibt.
Laut Georgopoulos (2002) liegen rdaumlichen und zeitlichen Aspekten verschiedene
neuronale Prozesse, moglicherweise sogar Aktivitdten in verschiedenen Hirnregio-

nen, zu Grunde.

Bis heute ist unklar, welche dieser Aspekte von einem haptischen Robotertraining
profitieren konnen (Reinkensmeyer, Galvez, Marchal-Crespo, Wolbrecht & Bobrow,
2007). Einige der bis dato durchgefiihrten Studien geben jedoch erste Hinweise dar-
auf, dass moglicherweise das Erlernen von zeitlichen Bewegungsaspekten besonders
empfanglich fiir die positiven Effekte eines haptischen Robotertrainings sein konnte
(z. B. Feygin et al., 2002; Marchal-Crespo & Reinkensmeyer, 2008a; 2010; Milot, Mar-
chal-Crespo, Green, Cramer & Reinkensmeyer, 2010). Zudem gibt es Untersuchun-
gen, die zeigen, dass das Erlernen von Geschwindigkeiten von einem solchen Trai-

ning profitiert (z. B. Grindlay, 2008).

Geschwindigkeit ist kein rein zeitliches Maf, sondern beinhaltet auch raumliche As-
pekte. Trotzdem soll Geschwindigkeit im Folgenden bei der Betrachtung zeitlicher
Mafle mit einbezogen werden. Deshalb wird von nun an der zeitliche Begriff erwei-
tert und anstelle von zeitlichen von dynamischen Merkmalen gesprochen. Mit Dy-
namik ist im Folgenden also nicht, wie in der Robotik oder Mechanik, die Beschrei-
bung einer Bewegung unter Betrachtung der ursichlichen Krifte (als Gegensatz zur
Kinematik als Bewegungslehre ohne Ursachenbetrachtung) gemeint (z. B. Jordan,
1996). Vielmehr meint es die zeitliche Entstehung eines statischen, raumlichen Mus-
ters. Wir betrachten somit die entstandene Bahn einer Bewegung auf der einen
(rdumliche Aspekte), und die zeitlichen Abldufe, mit welchen diese zu Stande kam,

auf der anderen Seite (dynamische Aspekte).
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1.2 Uberblick: Bisherige Untersuchungen zum haptischen Robotertrai-

ning

Ein Grofiteil der Studien zum FEinfluss haptischer Robotertrainings auf das Erlernen
motorischer Fertigkeiten konzentriert sich auf die Effekte bei neurologischen Patien-
ten nach Schlaganféllen, Riickenmarksschadigungen oder anderen neurologischen
Verletzungen. Nachdem 1997 positive Trainingseffekte mit MIT-Manus, einem Robo-
ter, welcher Armbewegungen unterstiitzt, auf das Erlernen im Vergleich zu Stan-
dard-Rehabilitationsmafinahmen publiziert wurden (Aisen, Krebs, Hogan, McDo-
well & Volpe, 1997), wuchs die Zahl der Studien zum roboterunterstiitzten Bewe-
gungslernen (Reinkensmeyer et al., 2007). Verschiedenste Roboter wurden entwi-
ckelt, um Bewegungen der oberen Extremitdten (z. B. Kahn, Zygman, Rymer & Rein-
kensmeyer, 2006; Prange, Jannink, Groothuis-Oudshoorn, Hermens & Ijzerman, 2006;
Takahashi, Der-Yeghiaian, Le, Motiwala & Cramer, 2007) oder Laufbewegungen
(z. B. Banala, Kim, Agrawal &. Scholz, 2009; Emken, Benitez & Reinkensmeyer, 2007;
Schmidt, 2004) zu unterstiitzen (siehe Marchal-Crespo & Reinkensmeyer, 2009 oder
Reinkensmeyer, Emken & Cramer, 2004 zur Ubersicht). Die Ergebnisse dieser Stu-
dien sind nicht eindeutig: Obwohl einige Untersuchungen positive Effekte eines hap-
tischen Robotertrainings zeigen konnten, gab es auch viele Studien, welche keine
weiteren Vorteile im Gegensatz zu konventionellen Therapiemethoden nachweisen
konnten. Zudem sind die therapeutischen Vorteile, wenn vorhanden, hdufig eher

gering (Reinkensmeyer et al., 2007).

Neben Untersuchungen mit neurologischen Patienten wurden auch Studien durch-
gefiihrt, welche zum Ziel hatten, die Effekte eines haptischen Robotertrainings auf
das motorische Lernen bei gesunden Probanden zu untersuchen. Die verwendeten,
meist pragmatisch ausgewdhlten, Aufgaben sowie die Art der Unterstiitzung und
der Kontrollgruppe variieren dabei sehr stark zwischen den einzelnen Untersuchun-
gen. Daher ist es schwierig ist, sie in Gruppen zusammenzufassen. Im Folgenden

werden sie einzeln beschrieben.

Eines der ersten robotischen Geréte, mit welchem Probanden eine Bewegung gleich-

zeitig visuell und haptisch demonstriert werden konnte, war das 1996 von Yokokohji
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und seinen Kollegen entwickelte WYSIWYF-Display (,What you can see is what you
can feel”). Dabei wurden die Kréfte eines Experten aufgezeichnet und anschliefSend
einem Schiiler prasentiert. Die Autoren fiithrten jedoch keine experimentellen Studien
durch, um die Effekte von WYSIWYF zu untersuchen, und eine Pilotstudie konnte
keine eindeutigen Ergebnisse liefern (Yokokohji et al., 1996). Die Autoren argumen-
tieren, dass dies an der Einfachheit der Aufgabe lag, welche darin bestand, einen

Wiirfel auf einer geraden Oberfldche zu manipulieren.

Weitere Ansitze, robotische Geréte fiir ein haptisches Bewegungstraining zu entwi-
ckeln und zu testen, untersuchten den Einfluss robotischer Demonstration auf das
Handschreiben. Henmi und Yoshikawa (1998) wie auch Solis et al. (2002), Teo et al.
(2002) und Srimathveeravalli & Thenkkurussi (2005) entwickelten virtuelle Trai-
ningssysteme, mit welchen die Probanden lernen sollten, ihnen bisher unbekannte
Buchstaben zu zeichnen. Die Zeichenbewegung wurde jeweils {iber den Stift, wel-
cher in ein robotisches Gerét eingebunden war, demonstriert. Dabei verwendeten die
Autoren zum Teil positionsbasierte Fithrung, bei welcher der Stift jeweils entlang
einer Bahn gefiihrt wurde, und teilweise kraftbasierte Fiihrung, bei welcher die posi-
tionsunabhidngigen Krifte eines Experten wiedergegeben wurden. Letzteres beruht
auf der Annahme, dass, wenn sich die haptischen Profile zwischen Experte und
Schiiler dhnlich sind, sich zwangsldufig auch deren Trajektorien dhneln (Srimathvee-
ravalli & Thenkkurussi, 2005). Zwar konnten die Autoren dieser Studien zum Teil
zeigen, dass die Probanden das Zeichnen der Buchstaben mit Hilfe des Roboters er-
lernten, jedoch wurde in keiner dieser Untersuchungen ein valider experimenteller
Vergleich mit anderen Demonstrationsmethoden, wie beispielsweise einer rein vi-
suellen, durchgefiihrt. Auch zeigte sich keine eindeutige Uberlegenheit einer der bei-
den Kontrollparadigmen, positions- oder kraftbasiert. Der Fokus dieser ingenieurs-
wissenschaftlichen Arbeiten lag vielmehr auf der Entwicklung der robotischen Gera-

te, anstatt auf deren Evaluation.

Erst Palluel-Germain et al. (2006; 2007) verglichen den von ihnen entwickelten vi-
suell-haptischen Demonstrationsroboter namens Telemagque mit anderen Trainings-
mafinahmen. Telemaque bestand aus einem robotisch gesteuerten Stift, welcher die

Schreibbewegungen der Probanden fiihren konnte und so das Erlernen des Hand-
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schreibens bei Kindern verbessern sollte. Die Aufgabe der Probanden war es, Buch-
staben verschiedener Schwierigkeitsgrade zu kopieren. Die Flussigkeit der Hand-
schrift wurde vor und nach einem Training mit Telemaque anhand der Parameter
Durchschnittsgeschwindigkeit, Anzahl der Geschwindigkeitsspitzen und Anzahl der
Pausen wiahrend der Buchstabenproduktion bewertet und mit der von Kontrollpro-
banden verglichen. Palluel-Germain et al. konnten in zwei Studien zeigen, dass das
mehrwochige visuell-haptische Training mit Telemaque sowohl bei Grundschul-
(2006) als auch bei Kindergartenkindern (2007) zu einer fliissigeren Handschrift (ho-
here Durchschnittsgeschwindigkeit, weniger Geschwindigkeitsspitzen (2006; 2007)
und weniger hidufiges Absetzen des Stiftes (2007)) fiihrte als das Kontrolltraining.

Bluteau, Coquillart, Payan und Gentaz (2008) untersuchten in zwei Studien den Ein-
fluss eines kraftbasierten und eines positionsbasierten Robotertrainings auf das Er-
lernen zweier Trackingaufgaben (arabische/japanische Buchstaben und Ellipsen). Sie
konnten zeigen, dass haptisches Training zu einer fliissigeren Bearbeitung der Auf-
gaben fiihrte. Dabei stellte sich die kraftbasierte Fiithrung als tiberlegen gegentiber
der positionsbasierten Fithrung heraus. Keines der Trainings hatte dagegen Einfluss

auf raumliche Aspekte der Bewegungen.

Ein weiterer frither Versuch, robotische haptische Demonstration fiir das Erlernen
einer komplexen Bewegung zu nutzen stammt von Gillespie et al. (1998). Sie entwi-
ckelten den Virtual Teacher, ein Roboter, welcher die Hand von Probanden fiihren
kann und ihnen die optimale Strategie beibringen soll, mit welcher ein sich unter ei-
nem Karren befindendes Pendel zwischen zwei Ruhezustinden in eine Bewegung
versetzt werden kann. Entscheidend war dabei, dass nach einer initialen Bewegung
des Karrens, welche das Pendel in Schwingung brachte, eine zweite, leichte Bewe-
gung gemacht werden musste, um das Pendel wieder zum Stillstand zu bringen. In
einer Pilotstudie mit 24 Probanden konnten die Autoren zwar zeigen, dass Proban-
den mit dem Virtual Teacher die optimale Strategie begriffen, trotzdem konnten sie
keinen signifikanten Unterschied in der Lernleistung zwischen diesen und Kontroll-
probanden, welche keine Unterstiitzung durch den Roboter erhielten, nachweisen.

Gillespie et al. argumentierten, dass dies an dem hohen Schwierigkeitsgrad der Auf-
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gabe lag, sodass Probanden, auch wenn der Virtual Teacher ihnen die optimale Stra-

tegie gezeigt hatte, diese nicht eigenstandig umsetzen konnten.

Einen direkten Vergleich zwischen visueller und haptischer Demonstration durch
einen Roboter fithrten Feygin und seine Kollegen (2002) durch. Die Aufgabe der Pro-
banden in dieser Studie war es, eine komplexe dreidimensionale Bewegung zu erler-
nen. Diese wurde ihnen entweder visuell demonstriert, indem sie einen Roboterarm
bei der Ausfiihrung der Bewegung beobachteten, oder haptisch, indem der Roboter
die Hand der Probanden entlang der Bewegungsbahn fiihrte, wahrend der Blick auf
die Bewegung verhindert wurde. Zudem untersuchten Feygin et al. eine weitere, vi-
suell-haptische Bedingung, bei welcher die Probanden beides, sowohl visuelle als
auch haptische Demonstration, erhielten. Im Anschluss sollten die Probanden die
erlernte Bewegung in zwei Testbedingungen frei reproduzieren. In der einen Bedin-
gung erhielten sie dabei lediglich haptische Riickmeldung, wahrend sie die Bewe-
gung reproduzierten, d. h. sie konnten diese nicht sehen. In der anderen Bedingung
fiihlten und sahen sie ihre Bewegung gleichzeitig. Die Leistung der Probanden in der
Testphase wurde beztiglich rdaumlicher Merkmale sowie eines zeitlichen Merkmals
analysiert. Feygin und seine Kollegen konnten zeigen, dass sich die visuelle und die
haptische Versuchsgruppe in ihrer Leistung signifikant voneinander unterschieden.
Eine rein visuelle Demonstration stellte sich dabei als vorteilhaft fiir das Erlernen
rdaumlicher Bewegungsmerkmale heraus, wogegen die Probanden der haptischen
Demonstrationsgruppe besser in Bezug auf das zeitliche Mafs waren. Des Weiteren
konnten die Autoren eine Interaktion zwischen Demonstrations- und Testbedingung
feststellen: Wenn visuelle Riickmeldung wéhrend der Testphase vorhanden war,
verbesserte sich die rdaumliche Genauigkeit der visuell trainierten Gruppe, wahrend
sich die der haptisch trainierten Gruppe verschlechterte. Im Gegensatz dazu fiihrte
visuelle Riickmeldung in der Testphase zu genauerer zeitlicher Reproduktion der
Bewegung in beiden Gruppen. Die Kombination von beidem, visueller und hapti-
scher Demonstration, fithrte tiberraschenderweise zu keiner nennenswerten weiteren
Verbesserung der raumlichen oder zeitlichen Genauigkeit der Bewegung. Dies ist
iiberraschend, da man annehmen konnte, dass zwei Quellen sensorischer Informati-

on vorteilhafter fiir das Lernen sein konnten als nur eine.
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Um dies genauer zu untersuchen, fithrten Liu et al. (2006) eine dhnliche Studie durch,
in welcher sie die Effekte einer rein visuellen und einer visuell-haptischen Demons-
trationsbedingungen auf das Erlernen einer Bewegung untersuchten. Liu et al. analy-
sierten die Bewegungen jedoch ausschliefSlich in Bezug auf deren rdumliche Ge-
nauigkeit. Die Ergebnisse entsprachen denen von Feygin et al. (2002): Zusétzliche
hapti-sche Demonstration fiihrte zu keiner weiteren Verbesserung der raumlichen
Genauigkeit der Bewegung in der Testphase. Die Autoren argumentierten, dass vi-
suelle Wahrnehmung moglicherweise rdumlich genauer sein konnte als haptische
und letztere somit zu keiner weiteren Verbesserung fiihrt, wenn beide Formen der

Riickmeldung vorhanden sind.

Neuere Untersuchungen zum haptischen Robotertraining nutzten angewandtere
Aufgaben wie das Steuern eines Fahrzeuges, Flipper spielen oder Rhythmen auf ei-
nem Schlagzeug zu produzieren. Marchal-Crespo und Reinkensmeyer (2008a) entwi-
ckelten einen Rollstuhl-Lenksimulator, welcher Probanden helfen sollte, mit einem
Lenkrad einen auf einem Monitor dargestellten Pfad entlang zu fahren. Sobald die
Probanden falsch lenkten, wurden Krifte auf das Lenkrad aufgeschaltet, welche den
virtuellen Rollstuhl zurtick auf die gewtinschte Fahrbahn brachten. Entscheidend bei
der Aufgabe war die Initilerung der Abbiegevorgidnge. Da das Fahrzeug erst nach
leichten Verzogerungen abbiegen konnte, musste schon eingelenkt werden, bevor
sich die Pfadrichtung dnderte. Marchal-Crespo und Reinkensmeyer konnten zeigen,
dass nach dem Training robotergefiihrte Probanden geringere Fehler aufwiesen als
Kontrollprobanden. In der roboterunterstiitzten Versuchsgruppe halfen die aufge-
schalteten Krifte, die Abbiegevorgange friither zu initiieren. Die Autoren schlussfol-
gerten daraus, dass ein robotisches Training von Vorteil sein konnte, um das Erler-
nen zeitlicher Aspekte einer Aufgabe zu fordern. Marchal-Crespo und ihre Kollegen
(2010) erweiterten die Ergebnisse mit einer weiteren Studie, in welcher ein realer
Rollstuhl verwendet wurde, um einem auf dem Fufsboden markierten Pfad zu fol-
gen. Die Hand der Probanden konnte iiber den Joystick des Rollstuhles gefiihrt wer-
den, wenn sie von dem Pfad abwichen. Die Autoren zeigten, dass ein Training mit

robotischer Fiihrung die Lenkfertigkeit von Gesunden sowie von einem motorisch
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stark beeintrachtigten Kind im Vergleich zu einem Training ohne Fithrung verbesser-

te.

Der Hinweis, dass moglicherweise besonders zeitliche Aspekte von einem hapti-
schen Robotertraining profitieren konnen, veranlasste Marchal-Crespo und Rein-
kensmeyer (2008b) des Weiteren dazu, ein Flipper-dahnliches Spiel zu verwenden, um
die Effekte eines solchen Trainings auf motorisches Timing zu untersuchen. Aufgabe
der Probanden war es, einen Knopf zum richtigen Zeitpunkt zu drticken, um damit
eine herunterfallende Kugel auf dem Bildschirm gegen ein Zielobjekt zu stofien. Die
Hand der Probanden war dabei in einen Roboter namens Tapper eingespannt, wel-
cher die Probanden darin unterstiitzte, im richtigen Augenblick durch eine Beugung
des Handgelenks den Knopf zu driicken. Marchal-Crespo und Reinkensmeyer konn-
ten die Hypothese, dass robotische Fiihrung das Erlernen motorischen Timings for-
dert, nicht unterstiitzen. Die Probanden, welche mit Tapper trainiert hatten, waren in
der Testphase nicht genauer in ihrem Timing als Kontrollprobanden, welche keine
Unterstiitzung erfuhren. Die Autoren fanden heraus, dass sich die Probanden zu
sehr auf die Unterstiitzung durch Tapper verliefien und in nicht unterstiitzen Durch-
gangen schlechter waren, wenn diesen ein unterstiitzter Durchgang voranging. Sie
argumentierten, dass dieser ,Slacking-Effekt” moglicherweise reduziert werden
konne, wenn man die Probanden explizit dartiber informiert, in welchen Durchgan-

gen sie unterstiitzt werden und in welchen nicht.

Ein weiteres Ergebnis der Studie von Marchal-Crespo und Reinkensmeyer war eine
geringere Generalisierung auf andere Zielobjekte der durch Tapper trainierten Pro-
banden im Vergleich zu Kontrollpersonen. Die Autoren begriinden dies mit der re-
duzierten Fehleranzahl und der daraus resultierenden geringeren Variabilitdt der
Aufgabe im Training. Dem daraus entstandenen Gedanken, dass moglicherweise
einer Erhohung der erlebten Fehler zu verbessertem Lernen im Vergleich zu einem
Fiihrungstraining, welches Fehler reduziert, fithren konne, gingen Milot et al. (2010)
ein Jahr spéter in einer Studie nach. Dabei verglichen sie die Effekte dieser beiden
Trainings auf das Erlernen der oben beschriebenen Flipperaufgabe. Eine Erh6hung

der Fehler wurde dadurch erreicht, dass im Falle einer zu spdten Bewegungsinitiie-
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rung durch den Probanden die Bewegung des Roboters Tapper zusédtzlich verzogert
wurde, wohingegen bei zu friiher Initilerung durch den Probanden der Start der Be-
wegung durch Tapper noch mehr beschleunigt wurde. Eine Verringerung der Fehler
wurde dagegen erreicht, indem Tapper im Falle einer zu spéten Initiierung des Pro-
banden die Bewegung beschleunigte und im Falle einer zu frithen Initiierung die
Bewegung verzogerte. Milot et al. konnten zeigen, dass beides, sowohl eine Erho-
hung als auch eine Verringerung der Fehler, die Leistung der Probanden verbesserte.
Eine weitergehende Analyse der Daten, bei welcher die Probanden ihrem urspriing-
lichen Fertigkeitsniveau entsprechend in zwei Gruppen eingeteilt wurden, konnte
ferner zeigen, dass Probanden mit einem hoheren Fertigkeitsniveau eher von einem
Fehler verstarkenden Training profitierten, wahrend Probanden mit geringerem Fer-
tigkeitsniveau bessere Leistungen nach dem robotischen Fiithrungstraining, welches
Fehler verringerte, zeigten. Auch Lee und Choi (2010) verglichen Roboterfiihrung
mit einem Fehler verstirkenden Training. Letzteres stellte sich in dieser Untersu-

chung als tiberlegen fiir das Erlernen einer Trackingaufgabe heraus.

Grindlay (2008) verglich haptische Demonstration nicht wie andere Autoren (z. B.
Feygin et al., 2002; Liu et al., 2006) mit visueller Darbietung, sondern mit auditiver
Demonstration. Er untersuchte die Effekte der beiden Trainingsmodalitdten auf das
Produzieren rhythmischer Sequenzen am Schlagzeug. Die Probanden in dieser Stu-
die horten dabei entweder eine Aufnahme der Rhythmen oder wurden mit Hilfe ei-
nes Roboters, welcher an ihrem Handgelenk befestigt war, durch die Bewegung ge-
fithrt. Um sicher zu gehen, dass letztere Probanden nur haptische und keine audi-
tive Demonstration erhielten, trugen sie Kopfhorer, tiber welche Maskierungsgerdu-
sche dargeboten wurden. In zwei weiteren Bedingungen schlieSlich erhielten die
Probanden beides, auditive und haptische Demonstration. Grindlay untersuchte die
Leistung der Probanden wiahrend einer Testphase beziiglich Timing und Geschwin-
digkeit der Bewegungen. Er konnte zeigen, dass haptische Demonstration beim Er-
lernen der Geschwindigkeit von Vorteil war. Die Kombination von auditivem und
haptischem Training erwies sich zudem als vorteilhaft fiir das Erlernen des korrekten

Timings, vor allem in einer frithen Phase des Lernens.
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Zusammenfassend ldsst sich festhalten, dass die Ergebnisse beziiglich der Effektivitat
eines haptischen Robotertrainings zwar sehr uneindeutig sind, die Studien von Fey-
gin et al. (2002), Marchal-Crespo et al. (2008a; 2010) sowie Grindlay (2008), Bluteau et
al. (2008) und Milot et al. (2010) jedoch vermuten lassen, dass moglicherweise dyna-
mische Bewegungsaspekte wie Timing und Geschwindigkeit besonders von einem

haptischen Robotertraining profitieren konnten.

1.3 Fragestellungen

Das Ziel der vorliegenden Arbeiten war es, die Effekte eines haptischen Robotertrai-
nings auf das Erlernen rdumlicher und vor allem dynamischer Merkmale verschie-
dener Bewegungen zu untersuchen. Dazu wurden drei Experimente mit verschiede-
nen Bewegungsaufgaben durchgefiihrt. Bei den Bewegungen handelte es sich stets
um zweidimensionale Zeichenbewegungen, welche in einer Lernphase demonstriert
und getiibt und in einer Testphase reproduziert wurden. Die konkreten Fragestellun-

gen der drei Studien waren wie folgt:

1) Kann ein haptisches Robotertraining das Erlernen einer Zeichenbewegung mit ei-
nem unnattiirlichen Geschwindigkeitsprofil, welches dem sogenannten 2/3 Potenz-
gesetz widerspricht, erleichtern? In welchen Bewegungsaspekten unterscheiden sich
diese Probanden von den Kontrollprobanden, welche die Aufgabe ohne haptische

Unterstiitzung trainieren?

2) Kann ein haptisches Robotertraining das Erlernen motorischen Timings erleich-
tern? Gibt es unterschiedliche Effekte auf das Erlernen verschiedener Timingarten,

wie emergentes und diskretes, absolutes und relatives Timing?

3) Wie wirkt sich ein haptisches Robotertraining auf das Erlernen rdumlicher und
dynamischer Bewegungsaspekte im Vergleich zu einer rein visuellen Demonstration
aus? Welchen Vorteil bringt die Kombination beider Demonstrationsmodalitdten?

Welchen Einfluss hat die Modalitdt der Testphase?
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2 Studien

Die Autorin tibernahm hauptverantwortlich die experimentelle Planung, Durchfiih-
rung und Auswertung der drei Studien. Der prozentuale Anteil der Autorin an den

einzelnen Studien lasst sich wie folgt beziffern:

Studie 1: Einleitung (80%), Methodik (85%), Datenerhebung (95%), Auswertung
(95%), Diskussion (90%)

Studie 2: Einleitung (95%), Methodik (90%), Datenerhebung (90%), Auswertung
(95%) , Diskussion (95%)

Studie 3: Einleitung (95%), Methodik (85%) , Datenerhebung (95%), Auswertung
(85%), Diskussion (90%)

2.1 Studie 1: Der Einfluss eines haptischen Robotertrainings auf die

Produktion rdumlich-zeitlicher Muster

In Studie 1 wurde der Einfluss eines haptischen Robotertrainings auf das Erlernen
einer Kreisbewegung mit einem unnattirlichen zeitlichen Muster, welches einem
universalen Bewegungsgesetz (2/3 Potenzgesetz) widerspricht, untersucht. Aufgabe
der Probanden war es, Kreise mit einem elliptischen Geschwindigkeitsprofil zu
zeichnen. Dies erlernten sie, indem sie in einer Ubungsphase eine Trackingaufgabe
bearbeiteten. Dabei verfolgten sie mit einem Stift (dargestellt als Cursor auf dem
Bildschirm) ein Zielobjekt, welches sich mit elliptischem Geschwindigkeitsprofil auf
einer Kreisbahn auf dem Monitor bewegte (siehe Abbildung 1). Experimentalpro-
banden wurden wihrend dieser Phase haptisch durch einen mit dem Stift verbunde-
nen Roboter gefiihrt. Kontrollprobanden bearbeiteten die Trackingaufgabe ohne Ro-
boterunterstiizung. Im Anschluss folgte eine Testphase, in welcher alle Probanden
die zuvor gelernte Bewegung frei reproduzierten. Die Bewegungen der Ubungs- so-
wie Testphase wurden anschlieffend in Bezug auf Form und Geschwindigkeitsprofil
analysiert. Bei letzterem wurde weiterhin zwischen Modulationstiming und Modula-

tionsamplitude unterschieden. Es konnte gezeigt werden, dass das haptische Robo-
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tertraining wahrend der Ubungsphase zu einer besseren Leistung beziiglich aller
drei Mafie im Vergleich zu den Kontrollprobanden fiihrte. In der Testphase hinge-
gen, in der alle Probanden die Bewegung frei reproduzierten, verschwanden die Un-
terschiede weitestgehend. Lediglich in der Modulation des Geschwindigkeitsprofils
unterschieden sich Experimental- und Kontrollprobanden weiterhin, wobei erstere
genauer in der Amplitude der Modulation waren. Die Ergebnisse der ersten Studie
konnten die Hypothese, dass robotische Fiihrung das Erlernen dynamischer Bewe-
gungsmerkmale untersttitzt, nicht ganzlich unterstiitzen. Denkbare Griinde sind die
Schwere der Aufgabe sowie die relativ kurze Trainingsdauer. Zudem scheinen Ne-
beneffekte des Robotertrainings dessen Einfluss auf das Erlernen der Aufgabe tiber-
lagert zu haben, sodass keine eindeutigen Schliisse auf die Effekte eines solchen

Trainings auf die verwendete Aufgabe moglich sind.

[\

Bewegungsdauer

Resultierende
Geschwindigkeit

Abbildung 1:  Die Probanden in Studie 1 lernten die Bewegung, indem sie eine Trackingaufgabe
bearbeiteten. Dabei verfolgten sie mit ihrem Cursor (rot) einen Punkt (blau), welcher sich mit ellipti-
schem Geschwindigkeitsprofil auf einer Kreisbahn auf dem Bildschirm bewegte. In der anschliefsen-
den Testphase versuchten die Probanden die Bewegung frei zu reproduzieren.
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2.2 Studie 2: Der Einfluss eines haptischen Robotertrainings auf ver-

schiedene Arten motorischen Timings

Die Effekte eines haptischen Robotertrainings auf verschiedene Arten motorischen
Timings wurden in Studie 2 differenziert untersucht. Dazu bearbeitete eine Ver-
suchsgruppe eine emergente und eine andere eine diskrete Timingaufgabe in einem
Synchronisierungs-Fortfiihrungs-Paradigma. Die Probanden zeichneten in der Syn-
chronisierungsphase Kreise (emergent: kontinuierlich oder diskret: intermittierend)
und stimmten ihre Bewegungen dabei mit dem Takt eines Metronoms ab (siehe Ab-
bildung 2). Dabei wurden die Probanden der Experimentalgruppe haptisch von ei-
nem Roboter gefiihrt, wahrend die Kontrollprobanden ihre Zeichenbewegungen frei
synchronisieren mussten. In der anschliefenden Fortfithrungsphase wurden das
Metronom sowie die Roboterunterstiitzung der Experimentalgruppe abgestellt, und
die Probanden sollten ihre Bewegungen mit dem entsprechenden Timing moglichst

genau fortfithren.

Synchronisierung Fortfithrung
a) Oms 1000 ms 2000ms 3000 ms tererr s aee s Oms 1000 ms 2000 ms 3000 ms
Torbl"oncjonij[bbuuu_...“
Kreis Kreis Kreis Kreis Kreis Kreis Kreis Kreis
b) 0ms 1000 ms 2000ms 3000 ms civien e eaes Oms 1000 ms 2000ms 3000 ms
Ton Ton Toncjron_ - e
Kreis Pause Kreis Pause Kreis Pause Kreis Pause
Abbildung 2:  In Studie 2 produzierte ein Metronom alle 1000 ms einen Ton. Die Probanden mit der

emergenten Timingaufgabe zeichneten kontinuierlich Kreise zwischen jeweils zwei Tonen (a). Pro-
banden mit der diskreten Timingaufgabe pausierten fiir ein Tonintervall nach jedem Kreis (b). In der
anschlielenden Fortfithrungsphase wurde das Metronom abgeschaltet und die Probanden versuchten
das jeweilige Timing aus der Synchronisierungsphase beizubehalten.
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Die Leistung der Probanden, sowohl wihrend der Synchronisierungs- als auch wih-
rend der Fortfiihrungsphasen, wurde hinsichtlich der Genauigkeit von absolutem
und relativem Timing analysiert, wobei letzteres nur fiir die diskrete Timingaufgabe
relevant war. Wahrend roboterunterstiitzte Probanden in beiden Timingaufgaben,
emergent und diskret, in der Synchronisierungsphase den Kontrollprobanden gege-
niiber tiberlegen waren, verschwanden in der Fortfithrungsphase die Unterschiede
zwischen Experimental- und Kontrollgruppe bei der emergenten Timingaufgabe. Bei
der diskreten Timingaufgabe dagegen waren die Probanden, welche zuvor von dem
Roboter unterstiitzt wurden, in ihrem relativen Timing weiterhin genauer als die
Kontrollprobanden. Die Ergebnisse lassen vermuten, dass besonders das Erlernen
von relativem Timing durch ein haptisches Robotertraining gefordert werden konn-
te. Es ist wahrscheinlich, dass ein solches Training vor allem fiir das Erlernen solcher
Bewegungsmerkmale von Vorteil ist, welche visuell oder verbal nur schwer vermit-

telbar sind. Relatives Timing scheint ein solches Merkmal zu sein.

2.3 Studie 3: Haptische Roboterunterstitzung erleichtert das Erlernen
von dynamischen, aber nicht von raumlichen Bewegungsmerkma-

len

In Studie 3 wurden die Effekte verschiedener Demonstrationsmodalitdten auf das
Erlernen von dynamischen und rdumlichen Bewegungsmerkmalen untersucht. Die
Bewegung mit dem entsprechenden Geschwindigkeitsprofil wurde zundchst visuell,
haptisch oder visuell-haptisch demonstriert. Im Anschluss reproduzierten die Pro-
banden diese Bewegung in zwei alternierenden Testbedingungen, haptisch und vi-
suell-haptisch (siehe Abbildung 3). Die Leistung der drei Versuchsgruppen wéhrend
der Testphase wurde beziiglich der Genauigkeit raumlicher und dynamischer Bewe-
gungsmerkmale analysiert. Es zeigte sich, dass Probanden, welchen die Bewegung
haptisch demonstriert wurde, ihre Bewegungen genauer in Bezug auf dynamische
Aspekte ausfiihrten, wahrend Probanden mit visueller Demonstration genauer in
Bezug auf rdumliche Bewegungsmerkmale waren. Die Kombination von visueller

und haptischer Demonstration fiithrte zu keiner nennenswerten Verbesserung, weder
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beziiglich dynamischer noch in Bezug auf rdumliche Aspekte. Zusitzliche visuelle
Riickmeldung in der Testphase fiihrte in allen Gruppen zu genaueren Bewegungen.
Die Ergebnisse sttitzen die Hypothese, dass ein haptisches Robotertraining vor allem

das Erlernen dynamischer Bewegungsmerkmale fordert.

Lernphase Testphase

Abbildung 3:  In Studie 3 wurde den Probanden die Bewegung in der Lernphase zundchst entweder
visuell (a), haptisch (b) oder visuell-haptisch (c) demonstriert. In der anschliefenden Testphase repro-
duzierten die Probanden die Bewegung abwechselnd ohne und mit visueller Riickmeldung.
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3 Diskussion und Ausblick

Die drei beschriebenen Studien konnten dazu beitragen, die Effekte eines haptischen
Robotertrainings auf das Erlernen von dynamischen und rdumlichen Bewegungs-

merkmalen genauer zu differenzieren. Zusammenfassend ldsst sich festhalten, dass

(1) das Erlernen von dynamischen Bewegungsmerkmalen durch ein haptisches Ro-
botertraining unterstiitzt werden kann, da diese anders nur schwer vermittelt wer-

den konnen.

(2) der Grad der Effektivitit eines solchen Trainings dabei von den Anforderungen
der Aufgabe abhingt: Je schwerer ein dynamisches Merkmal visuell oder verbal
kommuniziert werden kann, desto effektiver ist ein haptisches Training fiir dessen

Erlernen.

(3) ein haptisches Robotertraining keine weiteren Vorteile fiir das Erlernen von
rdaumlichen Bewegungsmerkmalen mit sich bringt, da diese visuell genauer erfasst

werden konnen.

Studie 1 lieferte keine eindeutigen Hinweise auf die Effekte eines haptischen Robo-
tertrainings auf das motorische Lernen. Die Probanden sollten lernen, Bewegungen
mit einem unnatiirlichen Geschwindigkeitsprofil, welches einem generellen Bewe-
gungsgesetzt widerspricht, auszufiihren. Da bisher nur in einer Untersuchung (Beets,
Rosler & Fiehler, 2010) gezeigt werden konnte, dass Lernen entgegen dieser Gesetz-
méfigkeit tiberhaupt moglich ist, ist es denkbar, dass die gewdhlte Aufgabe mogli-
cherweise zu schwierig war, um Unterschiede in der Effektivitidt verschiedener Trai-
ningsmethoden nachzuweisen. Die recht schlechte Leistung in der Testphase von
sowohl Kontroll- als auch Experimentalprobanden unterstiitzt diese Vermutung. Me-
thodisch ldsst sich die relativ kurze Lernphase kritisieren, da davon auszugehen ist,
dass das Lernen der Uberwindung lebenslang manifestierter Bewegungsgesetze eine
langere Lernperiode iiber mehrere Tage erfordert. Die Hypothese, dass dynamische
Bewegungsaspekte von einem haptischen Robotertraining profitieren, konnte nur
teilweise bestédtigt werden. Zwar waren die Probanden, welche zuvor vom Roboter

gefiihrt wurden, genauer beztiglich der Modulation des Geschwindigkeitsprofils der
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Bewegung. Dieser Effekt schien allerdings primér durch eine Nebenerscheinung der
Roboterfiihrung zu Stande gekommen zu sein. Diese Fiithrung sorgte daftir, dass das
zu verfolgende Zielobjekt und der Cursor der Probanden stets tibereinander lagen.
Die Beschleunigungen im Laufe der Bewegung fielen somit weniger auf als in der
Kontrollgruppe, in der sich die Probanden an diesen Stellen beeilen mussten, damit
Zielobjekt und Cursor nicht zu weit auseinander drifteten. Die Effekte durch die hap-
tische Demonstration wurden somit hochstwahrscheinlich durch diese visuellen Ne-
beneffekte iiberlagert, sodass keine eindeutigen Riickschliisse auf erstere moglich

sind.

Die Ergebnisse der Studien 2 und 3 bestitigen die Hypothese, dass ein haptisches
Robotertraining das Erlernen dynamischer Bewegungsaspekte fordern kann. In Stu-
die 2 wurde untersucht, ob verschiedene Arten motorischen Timings unterschiedlich
stark von einem solchen Training profitieren. Die Ergebnisse zeigten, dass das Robo-
tertraining zu einem verbesserten relativen Bewegungstiming fiihrt, wogegen fiir das
Erlernen von absolutem Timing keine signifikanten Verbesserungen festgestellt
wurden. In Studie 3 schliefslich wurde die haptische Demonstrationsbedingung mit
einer visuellen Demonstration verglichen. Es konnte gezeigt werden, dass das Robo-
tertraining den Probanden vor allem dabei half, die schnelle Beschleunigung am An-
fang der Bewegung zu erlernen. Dies resultierte in einem genaueren Geschwindig-
keitsprofil der Experimentalgruppe. Am Ende der Trainingsphase zeigte sich zudem
eine Uberlegenheit gegeniiber der visuellen Demonstrationsgruppe in Bezug auf das
absolute Timing der Bewegung. Probanden, welchen die Bewegung visuell demons-

triert wurde, waren dagegen genauer in rdaumlichen Aspekten der Bewegung.

Insgesamt sprechen die Ergebnisse dafiir, dass jeweils solche Bewegungsmerkmale
von einem haptischen Robotertraining profitieren, welche nur schwer verbal oder
visuell kommuniziert werden kénnen. Dynamische Aspekte wie Timing oder Ge-
schwindigkeit sind besonders schwer zu kommunizieren, und ihr Erlernen scheint
deshalb von einem haptischen Training zu profitieren. Raumliche Merkmale kénnen
dagegen einfacher verbal und vor allem visuell beschrieben werden und profitieren

deswegen weniger von haptischen Trainings. Ob das Erlernen von absolutem oder



30 Diskussion und Ausblick

relativem Timing oder gar Geschwindigkeiten am meisten profitiert, scheint dabei
keiner allgemein giiltigen GesetzmafSigkeit zu folgen, sondern ist vielmehr von den
jeweiligen Aufgabenanforderungen abhidngig und kann im Vorhinein nur schwer
bestimmt werden. Generell ldsst sich aber vermuten, dass der Vorteil eines hapti-
schen Trainings umso grofier ist, je schwieriger es ist, die betreffenden Aspekte auf

andere Art und Weise zu vermitteln.

Generell muss angemerkt werden, dass die Vorteile einer haptischen Demonstration
durch einen Roboter in den Studien 2 und 3 sowie in fritheren Untersuchungen
(Reinkensmeyer et al., 2007) eher gering waren. Somit kommt die Frage auf, ob diese
wirklich die mit der Entwicklung eines hochspezialisierten Roboters einhergehenden
Kosten und Miihen rechtfertigen. Fiir das Erlernen der in den meisten der diskutier-
ten Studien verwendeten Aufgaben lohnt sich die Entwicklung eines speziellen Ro-
boters wahrscheinlich nicht. Jedoch ist zu bemerken, dass lange Zeit unklar war,
welche Aufgaben und Aspekte tiberhaupt von robotischer Fithrung profitieren und
die pragmatisch ausgewdhlten Aufgaben dieser Studien zundchst zum Ziel hatten,

eben jene zu identifizieren.

Da sich die Annahme, dass haptisches Robotertraining fiir das Erlernen dynamischer
Bewegungsaspekte hilfreich ist, nun verdichtet hat, konnen zukiinftige Untersu-
chungen in stringenterer Weise darauf abzielen, Aufgaben und Anwendungsberei-
che zu identifizieren, welche auf der einen Seite dynamische Aspekte als kritische
Komponenten enthalten, sodass das Training durch einen Roboter tiberhaupt erfolg-
versprechend ist, und deren Unterstiitzung auf der anderen Seite lohnenswert er-
scheint. Letzteres konnte der Fall sein, wenn es gelingt, einen robotischen Prototyp
zu entwickeln, welcher von einer Vielzahl von Personen genutzt werden kann. Der
robotische Rollstuhl von Marchal-Crespo et al. (2010) wére ein passendes Beispiel im
therapeutischen Bereich. Des Weiteren kann sich die Entwicklung spezialisierter Ro-
boter aber auch dann lohnen, wenn selbst kleinste Leistungsverbesserungen bei einer
geringen Anzahl spezieller Nutzer wiinschenswert sind. Denkbar wiren hier medi-
zinische Trainingsroboter, welche Arzte trainieren und so zu besseren chirurgischen

Resultaten fithren konnten.
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Neben der Identifikation gewichtiger Anwendungsszenarien kann auch die Art der
Roboterfiihrung optimiert werden, um den Nutzen haptischer Trainings zu erhchen.
Wie in der Einleitung bereits diskutiert, tritt bei einer kontinuierlichen Unterstiitzung
haufig ein Phanomen namens ,Slacking” auf — eine Abnahme in der Motivation,
Aufmerksamkeit und Anstrengung der Probanden (Marchal-Crespo & Reinkens-
meyer, 2009). Um diesem Problem entgegen zu wirken schlagen einige Autoren vor,
die Stdrke der Unterstiitzung zu variieren. Dies kann zum Einen geschehen, indem
Durchgidnge ohne Unterstiitzung in das Robotertraining eingestreut werden (Wins-
tein, et al., 1994). Somit werden Fehler zugelassen, Versuch-und-Irrtum-Lernen wird
ermoglicht und die Variabilitdt des Trainings wird erhoht. Alternativ konnen adapti-
ve Strategien verwendet werden, bei welchen die Stirke der Unterstiitzung an das
Fertigkeitsniveau des Schiilers angepasst und mit der Zeit langsam ausgeblendet
wird — entweder auf Basis fixer, zuvor berechneter Lernkurven (z. B. Bayart, Poche-
ville & Kheddar, 2005) oder indem die Leistung des Schiilers stindig online aufge-
zeichnet und die Stdrke der Unterstiitzung dementsprechend angepasst wird (Hue-
gel & O'Malley, 2010; Li, Huegel, Patoglu, & O'Malley, 2009; Reinkensmeyer, Aoyagi,
Emken, Galvez, Ichinose, Kerdanyan, Maneekobkunwong, Minakata, Nessler, We-

ber, Roy, de Leon, Bobrow, Harkema & Edgerton, 2004; Yokokohiji et al., 1996).
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1. Introduction

During the last decade there is an increasing interest in the benefits and pitfalls of robot-assisted
motor learning (for a review see Marchal-Crespo & Reinkensmeyer, 2009). Investigators from various
fields study how the nervous system learns to control different types of movement and how robotic
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devices can support this learning. Most research focuses on robot-assisted motor learning of neurolog-
ical patients (e.g., Kahn, Zygman, Rymer, & Reinkensmeyer, 2006; Marchal-Crespo & Reinkensmeyer,
2009; Prange, Jannink, Groothuis-Oudshoorn, Hermens, & Ijzerman, 2006; Reinkensmeyer, Emken, &
Cramer, 2004; Takahashi, Der-Yeghiaian, Le, Motiwala, & Cramer, 2007), but some attention has also
been given to the support of motor learning in healthy people (e.g., Emken & Reinkensmeyer, 2005;
Liu, Cramer, & Reinkensmeyer, 2006; Reinkensmeyer & Patton, 2009). Here we inquire into the bene-
fits of robot assistance for the learning of an uncommon timing of drawing movements.

Two distinct effects of robot assistance have to be distinguished in principle. The first one is its im-
pact on performance during practice. It is rather unsurprising that robotic support during practice re-
duces errors (Marchal-Crespo & Reinkensmeyer, 2008; Reinkensmeyer & Patton, 2009), provides
somatosensory stimulation (Marchal-Crespo & Reinkensmeyer, 2009), and leads to improved perfor-
mance. These effects are beneficial in rehabilitation and in dangerous environments, where large er-
rors are undesirable or associated with risks of accidents. In addition they can support the motivation
to perform the task practiced.

The second effect of robot assistance is on learning, that is, on performance after practice when the
assistance has been removed. According to Reinkensmeyer and Patton (2009), the enhanced perfor-
mance during practice can be encouraging. In addition there may be non-motivational effects on
motor learning. On the other hand, robotic guidance could impede learning, consistent with the
majority of findings on the effects of other variants of physical guidance (Schmidt & Lee, 1999). Over-
all, it is still uncertain whether robot assistance provides any advantage over other training regimes at
all and, if it does, which motor-skill characteristics benefit from such assistance.

The motor skills studied are mostly rather gross movement patterns which involve the arm or the
leg such as walking (e.g., Emken & Reinkensmeyer, 2005) or reaching (e.g., Kahn et al., 2006; Prange
et al., 2006). Fine motor skills, such as those in writing or minimally-invasive surgery, have been con-
sidered less frequently. Some studies examined the robotic support of writing or tracking movements
of letters (Ben-Pazi, Ishihara, Kukke, & Ranger, 2009; Bluteau, Coquillart, Payan, & Gentaz, 2008;
Henmi & Yoshikawa, 1998; Palluel-Germain et al., 2006, 2007; Solis, Avizzano, & Bergamasco, 2002;
Teo, Burdet, & Lim, 2002).

Teo et al. (2002) as well as Henmi and Yoshikawa (1998) and Solis et al. (2002) developed a virtual
teaching system and performed experiments to investigate its efficiency. They could show that the
participants learned to write Chinese characters or calligraphy with the robotic systems. However,
none of these research groups compared robot-assisted practice with other teaching methods such
as traditional visual demonstrations without haptic guidance. Palluel-Germain et al. (2006,2007)
made such a comparison. They developed a visuo-haptic device, Telemaque, which supported hand-
writing in a training program, and they compared performance before and after the training with that
of a control group who practiced in a conventional way. Both in first-grade children (Palluel-Germain
et al., 2006) and kindergarten children (Palluel-Germain et al., 2007) fluency in handwriting increased
more after training with Telemaque than after control training.

Fluent handwriting is a skill that requires both spatial and temporal precision. There is some
evidence that learning of temporal characteristics is particularly susceptible to beneficial effects of
robotic guidance (Feygin, Keehner, & Tendick, 2002; Marchal-Crespo & Reinkensmeyer, 2008; Milot,
Marchal-Crespo, Green, Cramer, & Reinkensmeyer, 2010), whereas acquisition of spatial characteris-
tics may profit more from visual training (Feygin et al.,, 2002). However, temporal characteristics
can be of different types, and not all of them may benefit from robot assistance. The present experi-
ment was designed to determine the benefits of robot support for the learning of an unusual timing of
a simple drawing movement. This is a specific temporal characteristic which is distinct, e.g., from total
duration of a movement or its temporal placement relative to an environmental event. More specifi-
cally, participants had to draw a circle with the velocity profile typical for drawing an ellipse.

The difficulty of this task is due to the relation between form and velocity in drawing that is known
for a long time (e.g., Derwort, 1938). According to Viviani and Terzuolo (1982), a strict relation exists
in that curvature and velocity are inversely related so that with increasing curvature velocity de-
creases and vice versa. The equation which describes this relation is called the 2/3 power law (Viviani
& Terzuolo, 1982). According to this law, and according to experimental observations, a circle is drawn
with a constant velocity because its curvature is constant, whereas an ellipse is drawn with a
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modulated velocity because curvature varies along its circumference. According to several studies it is
very difficult or even impossible to produce movements that violate the 2/3 power law (e.g., Viviani,
Campadelli, & Mounoud, 1987; Viviani & Mounoud, 1990), but Beets, Résler, and Fiehler (2010) re-
cently showed that, in principle, one can learn circular arm movements with an elliptic velocity
profile.

Beets, Rosler, and Fiehler (2010) supported their participants by means of a motor-driven crank
which enforced a circular path with velocity modulations appropriate for an elliptic path. As noted
above, showing that a certain motor skill can be learned with robot support during practice does
not imply that robot support has any advantages above other procedures. Therefore we compared
the effects of robot-assisted practice with the effects of a non-assisted, but otherwise identical practice
regime. The participants practiced to draw circles with the velocity profile of a horizontal ellipse, that
is, the resultant velocity was higher at the top and bottom of the circle than at both sides. Since the
timing and shape of drawing movements are tightly interrelated, we also assessed the spatial charac-
teristics. During practice participants tracked a moving target either without or with the support of a
robot. The moving target provided sort of visual guidance, the robot additional haptic guidance. Dur-
ing tests the velocity-modulated circles had to be drawn without the visible target and without robot
assistance.

2. Methods
2.1. Participants

A total of 26 females and 12 males participated in the study. Their age ranged from 18 to 31 years
(M =24.2 years, SD = 3.10 years). 19 of them practiced with robot support in the experimental group
(16 female, 3 male; mean age: 23.5 years), 19 without robot support in the control group (10 female, 9
male; mean age: 24.9 years). All participants were right-handed, had normal or corrected to normal
vision and no significant language, motor or neurological dysfunction according to their own declara-
tion. Each participant signed written informed consent and was paid 15 Euro for participation.

2.2. Apparatus

Participants drew with a pen on a digitizer (Wacom Intuos4) which sampled data at 60 Hz. The tip
of the pen was attached to the end of a robot arm (Phantom Premium 1.5, SensAble Technologies), as
shown in Fig. 1a. The connecting link at the end of the robot arm carried a hole into which the tip of
the pen was inserted. The pen was held there by a minute rubber ring inside the walls of the hole, so
that it could be tilted freely in all directions on the tablet. Only with respect to horizontal movements
the link between robot arm and tip of the pen was rigid. To avoid injuries in case the Phantom got out
of control, a safety barrier was placed between Phantom and participant. Fig. 1b shows the whole
experimental setup with Phantom, the digitizer and the monitor (liyama S902JT VisionMaster Pro
451) which was placed at about 90 cm distance from the participant’s eyes.

2.3. Design and procedure

Participants were seated in front of the digitizer in a quiet room, with walls covered by black cur-
tains. They were instructed to watch the screen of the monitor. The room light was switched off during
the experiment to prevent participants from watching their hand and the pen. The whole experiment
took about one and a half hour. First the instructions were read and two practice trials were performed
to allow the participants to familiarize themselves with the apparatus and the task.

Familiarization was followed by five blocks of trials. Each block consisted of a practice phase of 25
trials followed by a test phase of 15 trials. In each trial five circles had to be drawn. In the practice
phase participants performed a tracking task. The position of the tip of the pen was mapped on the
position of a cursor, a red filled circle of 5 mm diameter. With this cursor participants had to follow
the target, a blue filled circle of 5 mm diameter. The target moved on a circular path of 10 cm
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Fig. 1. Apparatus: (a) The tip of the pen was attached to the lower end of the stylus of a Phantom Premium 1.5. (b) Participants
were seated in front of a digitizer tablet and faced a monitor.

diameter. Its total movement time for this circle was 3.3 s. The resultant velocity of the target was that
appropriate for a horizontal ellipse with a proportion of its vertical to its horizontal axis of 0.5. Thus,
velocity was higher at the top and bottom of the circular path (maximum velocity: 122 mm/s) and
lower at its left and right side (minimum velocity: 61 mm/s). Neither the target nor the cursor left
a visible trace on the screen. The motion of the target was sufficiently slow not to give rise to the per-
ception of an elliptical path, as reported, e.g., by Viviani and Stucchi (1989) who used a movement
time of 0.6 rather than 3.3 s.

Participants began each trial at a start position at the extreme right side of the circular path. After
the cursor had been aligned with the target for two seconds, the target started to move, and the par-
ticipants tracked it with the cursor for a total of five circles. During the practice trials the experimental
group was assisted by the Phantom. More specifically, at each point in time there was a force field
which drove the tip of the pen to its target position at which the cursor was aligned with the target
on the monitor. The force was 0.3d N, with d as the distance of the current position of the tip of the
pen from its target position (upper limit: 10 Newton). Pilot studies had revealed that this force was
appropriate to minimize the tracking error in the experimental group. The participants of the control
condition also drew with the pen attached to the Phantom device, but there was no haptic guidance as
in the experimental group.

In the trials of each test phase participants were required to reproduce the circular trajectory with
the elliptic velocity profile. At the beginning of each test trial the target was presented at the rightmost
position of the circular path. After participants had aligned the cursor with the target for two seconds,
the target disappeared and participants could start their movements. The cursor remained visible but
left no trace on the screen. Participants were told to draw five circles and to reproduce the shape and
the velocity profile as accurately as possible. After five circles had been drawn, a beep occurred, the
target appeared again, and the next trial began.

2.4. Data analysis

The position-time curves of the tip of the pen were low-pass filtered (fourth-order Butterworth,
5 Hz, dual-pass). From the velocities along both dimensions of the plane, which were calculated by
a central-difference algorithm, the resultant velocity was computed.
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The trajectory of each trial was segmented into individual cycles by a spatial criterion. A new cycle
began whenever the horizontal axis through the start position was passed. For each of the three cen-
tral cycles of each trial the circularity of the trajectories and the modulation of the resultant velocity
were evaluated by means of three dependent variables, a circularity index, a measure of modulation
timing of velocity and a measure of modulation amplitude.

The circularity index served to assess deviations from a circular path toward an ellipse. It was
determined in the following way. First, a surrounding square was fitted to the recorded path of each
cycle. The center of the square served as the midpoint of the roughly circular trajectory. Second, a
coordinate system was positioned in this configuration such that its origin was in the midpoint,
and its abscissa was aligned with the longest diameter of the trajectory. Third, the radius was deter-
mined for each sample point, that is, its distance from the origin of the coordinate system. Fourth, the
approximate circle circumscribed by the trajectory was split into four sectors with the diagonals as
boundaries. The radii were averaged across the data points of each sector. For a circular path these four
means are identical, but for an ellipse the means of the horizontal sectors are larger than the means of
the vertical sectors. Fifth, the circularity index was defined as the ratio of the means of the horizontal
sectors and the vertical sectors. It is 1 for perfect circularity, and larger values indicate elliptical devi-
ations from circularity (Fig. 2).

The measure of modulation timing of velocity was a cross-correlation. The resultant velocity for
each cycle was normalized to a length of 128 data points (with linear interpolation). In addition it
was shifted such that mean velocity corresponded to zero. This normalization does not affect the
dependent measures, but makes visual inspection and comparison of plotted velocity profiles easier.
The target velocity was treated in the same way. Modulation timing was defined as the maximum of
the cross-correlation function (Fig. 3). This measure is 1 for perfect temporal regularity of velocity
modulation, and smaller than 1 otherwise, that is, when the relative temporal positions of the minima
and maxima are not as required. Note that the measure is insensitive to temporal shifts of the whole
profile within each cycle, so that maximal resultant velocities that are not exactly at the top and
bottom of the circle. In addition the measure is insensitive to variations of scale factors. Therefore it
was complemented by the measure of modulation amplitude.

The measure of modulation amplitude of velocity was derived from the peak-to-peak amplitude of
the resultant velocity of each cycle, more precisely, from the difference between the means of the two
peaks and the two troughs of the profile (Fig. 3). The ideal peak-to-peak amplitude, which was 61 mm/
s, was subtracted from the observed one. Thus the measure of modulation amplitude is an error mea-
sure which is zero when the amplitude is exactly as required. It is positive for a too strong modulation
and negative for a too weak one.

The circularity index and the measures of modulation timing and amplitude were averaged across
the middle three cycles of each trial, and these means were averaged across the trials of each block.
These individual means were entered in the statistical analyses. Separately for the practice phases

40 20 0 20 40 B0 80 100 120 140

Fig. 2. Shape sample. The average radius of the horizontal segments (light gray) was divided by the average radius of the
vertical segments (black), so that 1 represents perfect circularity. The circularity C = 1.07 in this example characterizes a rather
elliptic form.
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Fig. 3. Two samples of velocity curves. The curves marked by the four squares at the peaks and troughs are the observed
velocity profiles, the other curves are the ideal velocity profiles. The precision of modulation timing of resultant velocity is
measured by the maximum value of the cross-correlation function. The precision of modulation was measured by the deviation
of the peak-to-peak amplitude from the correct amplitude; this error measure is called modulation amplitude for short. The
participant of the upper graph succeeded in producing the desired velocity profile and reached a very high cross-correlation
value. The modulation amplitude only deviated marginally from the desired amplitude. In contrast, the participant of the lower
figure only reached a moderate cross-correlation value and exaggerated the modulation amplitude.

and test phases of the five blocks of trials and the three dependent variables two-way ANOVAs were
run with the between-participant factor practice group and the within-participant factor block. Green-
house-Geisser corrections were applied when appropriate, but the uncorrected degrees of freedom are
reported together with the Greenhouse-Geisser epsilon. Effect sizes are given as partial eta-squared.

3. Results

The results of the experiment will be reported first for the practice trials and thereafter for the test
trials. Whereas the practice trials reflect the immediate performance effects of the robot assistance,
the test trials reflect the effects on learning.

3.1. Practice phase

As expected, the experimental group with robot assistance performed better with respect to both
the circularity of the trajectory and the modulation timing and amplitude of resultant velocity (Fig. 4).
In the experimental group the mean circularity index was M = 1.017 (SE = .002), whereas in the control
group it was M = 1.042 (SE = .002), indicating a somewhat elliptical path. The ANOVA revealed the dif-
ference between groups to be highly significant, F(1,36) =57.80, p <.01, #; = .62. The variation across
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Fig. 4. Shape index (a), modulation timing (b) and modulation amplitude (c) for the experimental (continuous line) and the
control group (dotted line) across the 5 blocks during the practice phase. Vertical bars represent standard errors.

blocks, F(4, 144) = 0.65, p = .56, ¢ = .64, 1, =.02, as well as the interaction, F(4, 144)=0.09, p = .95, ¢ = .64,
175 = .00, were not significant.

In the experimental group the timing of the modulation of resultant velocity was highly regular.
The mean modulation timing as measured by the cross-correlation was M =.93 (SE =.02) and did
not vary across blocks. In the control group the mean modulation timing was only M =.56 (SE =.02)
in the first block of trials and reached M = .62 (SE =.02) in the fourth block (in the fifth block it was
M = .61, SE =.02). The difference between groups was significant, F(1,36) =151.19, p <.01, 1, =.81.
The main effect of block, F(4, 144) = 5.56, p <.01, ¢ = .66, 17, = .13, and the interaction, F(4, 144) = 3.14,
p=.03, £=.66, n, =.08, also reached statistical significance.

In the experimental group the mean modulation amplitude of resultant velocity was M = 3.16 mm/s
(SE = 2.53 mm/s), that is, the amplitude of the modulation was only marginally stronger than required.
The exaggeration of the modulation was more pronounced in the control group, for which the mean
modulation amplitude was M = 17.36 mm/s (SE = 2.53 mmy/s). The difference between groups was sig-
nificant, F(1,36) =15.74, p <.01, 17; = .30, and also the main effect of block reached statistical signifi-
cance, F(4,144) =3.35, p=.05, ¢=.41, n; =.08, whereas there was no significant interaction, F(4
144)=0.36, p = .65, ¢ = .41, n7; = .01.

3.2. Test phase
The means of the three dependent variables in the test phase are shown in Fig. 5. Both groups pro-

duced somewhat elliptic trajectories. The mean circularity indices were M = 1.065 (SE = .004) for the
experimental group and M =1.072 (SE =.004) for the control group. The main effect of group was
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Fig. 5. Shape index (a), modulation timing (b) and modulation amplitude (c) for the experimental (continuous line) and the
control group (dotted line) across the 5 blocks during the test phase. Vertical bars represent standard errors.
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not significant, F(1,36) =1.38, p=.25, 115 =.04. Also the main effect of block, F(4, 144)=0.61; p = .59,
¢=.68, 11, = .02, and the interaction, F(4, 144)=1.48, p =.23, ¢ = .68, 17, = .04, failed to reach statistical
significance.

The modulation timing of the resultant velocity was similar in both groups, but somewhat higher in
the control group. In the experimental group the mean modulation timing was M = .50 (SE =.04) and
in the control group it was M =.58 (SE =.03). According to the ANOVA the main effect of group fell
short of statistical significance, F(1,36) =2.37, p=.13, n; =.06, and so did the main effect of block,
F(4,144)=2.97, p=.06, £ =.52, n7; =.08, and the interaction, F(4, 144) =134, p = .27, £ = .52, n; = .04.

Both groups exaggerated the amplitude of the modulation of the resultant velocity, that is, their
modulation amplitude was higher than required. As during practice, this exaggeration was more pro-
nounced in the control group (M =43.85 mm/s, SE=5.22 mm/s) than in the experimental group
(M=27.51 mm/s, SE=5.22 mm/s). This difference was significant, F(1,36) 1=4.89, p=.03, n; =.12.
Whereas the modulation amplitude was consistently high across blocks of test trials in the control
group, it declined slightly in the experimental group from a mean of M=33.56 mm/s
(SE=7.24 mm/s) in the first block to a mean of M =23.76 mm/s (SE = 6.03 mm/s) in the last block.
However, neither the main effect of block, F(4, 144) = 0.45, p =.70, ¢ = .69, 17; = .01, nor the interaction,
F(4,144)=1.40, p = .25, £ = .70, 17; = .04, reached statistical significance.

4. Discussion

The present study had been designed to examine the effects of robot assistance on performance
and learning of an untypical velocity profile in drawing circles. With respect to the immediate perfor-
mance effects, our findings are consistent with previous observations that robotic guidance serves to
enhance performance and to reduce errors (Marchal-Crespo & Reinkensmeyer, 2008; Reinkensmeyer
& Patton, 2009). In the experimental group, who practiced with robot guidance, the trajectories were
almost perfectly circular and the velocity profile matched the desired profile quite well with respect to
its timing and its modulation amplitude. In contrast, in the control group, who practiced without robot
guidance, the trajectories were more elliptic and the modulation timing was less regular. Though there
was an improvement across blocks regarding the modulation timing, this group performed the track-
ing task rather poorly and had difficulties in following the target, perhaps because of its modulated
velocity. In addition the modulation amplitude, more precisely, the excess over the correct modulation
amplitude, was much stronger than in the experimental group. Both groups showed an improvement
in the modulation amplitude across blocks. Thus, all in all the movements experienced by the
experimental group during practice were much more accurate than the movements experienced by
the control group, but the accurate movements resulted primarily from external forces, generated
by the robot, whereas the less accurate movements resulted from self-generated forces.

In the test trials, when robot guidance was switched off in the experimental group, the perfor-
mance differences between groups largely disappeared. The accurate performance experienced with
robot assistance could not be maintained in general. Only one of the differences present during prac-
tice was still present in test trials, though it was reduced. This was the difference in the amplitude of
the velocity modulation which remained more accurate in the experimental group than in the control
group. This difference between groups was not associated with a corresponding difference in the cir-
cularity index. Thus it reflects a certain degree of dissociation of curvature and velocity. Because there
were no significant differences in modulation timing between groups, our results do not fully support
the claim that learning of temporal aspects is qualified to be supported by robotic guidance (Feygin
et al., 2002; Marchal-Crespo & Reinkensmeyer, 2008; Milot et al., 2010). Instead the benefits are likely
to be limited to certain temporal characteristics.

The finding that robot assistance did not enhance learning of the timing of the velocity modulation,
but only of its amplitude, can be taken to suggest that it was caused by a secondary effect of robot
guidance. In the experimental group with robot guidance the cursor and the target were almost per-
fectly aligned throughout the whole practice phase. Therefore velocity modulations were not as obvi-
ous in the visual display as in the control group, where the target and the cursor drifted apart when
the target was accelerated. Whereas participants in the experimental group modulated the velocity
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fairly accurately in amplitude, participants in the control group learned to rush at points of high
velocity and transferred this exaggeration into the test phase. The exaggeration of the velocity mod-
ulation in addition could have enhanced the modulation timing in the control group. Participants in
the control group could have paid more attention to the more conspicuous velocity changes, resulting
in better learning. Several authors (e.g., Connolly & Jones, 1970; Rock & Victor, 1964) have argued that
individuals rely more on visual than on kinesthetic feedback. Thus, in the present study the visual
indications of the velocity modulation might have been more important for learning than the kines-
thetic information, and the visual information was less pronounced in the experimental group than
in the control group. Thus the effects of robot guidance per se may have been superposed by the ef-
fects of robot guidance on the visual information during practice.

Furthermore, the guidance in the experimental group might have evoked a passive attitude in that the
participants did not actively try to track the target. Some authors argued that continuous robotic assis-
tance might lead to decreasing effort, attention, and motivation (Marchal-Crespo & Reinkensmeyer,
2009). As also stated by Schmidt and Lee (1999), guidance prevents the participants from experiencing
and correcting errors and could thus be obstructive for the learning of movements. Therefore assistance
that is adapted to the skill level of the participant or an assistance strategy that occasionally allows the
participant to experience errors might be more beneficial.

In general performance was not very good in both groups. It is feasible that this is a result of the
short duration of practice. The movement that was to be learned was a non-biological one, and par-
ticipants might need several training sessions distributed over more than one day to learn it. The
slightly diverging practice curves for the modulation timing and the modulation amplitude indicate
that the asymptote had not yet been reached. On the other hand, the observation of practice effects
after a single session is consistent with the findings of Beets et al. (2010) . From the slight divergence
of the practice curves one could expect that the difference between the two practice groups with re-
spect to modulation amplitude could become more pronounced in the long run. In addition a superi-
ority of the control group with respect to modulation timing could develop, but the present data do
not allow a sufficiently firm conclusion in this respect.

As mentioned earlier by Reinkensmeyer, Galvez, Marchal-Crespo, Wolbrecht, and Bobrow (2007),
the mechanisms of motor learning and the possible benefits by a robotic training are still not well
understood. Additional investigations with other motor timing tasks as well as other assistance con-
trol strategies and a longer training period over several days shall further clarify the question if and
under which conditions learning of temporal characteristics can be enhanced by robot assistance.
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Abstract

Robotic guidance as a means to facilitate motor learning and rehabilitation has re-
ceived considerable attention during the last few years. However, mixed outcomes
suggest that the benefits might be restricted to certain movement characteristics.
Here we investigate the effects of robotic guidance on different kinds of motor timing.
In particular these were event-based versus emergent timing and absolute versus
relative timing. Two groups of participants performed two variants of a circle-drawing
task in a synchronization-continuation paradigm. The one variant was continuous
circle drawing (emergent timing), the other variant was intermittent circle drawing
(event-based timing). Both the total duration of movement cycles (absolute timing)
and the relative duration of sub-movements (relative timing) were measured. Half of
the participants in each group were guided by a robot device during synchronization
(experimental participants), the other half of the participants received no guidance
(control participants). Whereas guided participants in both timing-task groups had
superior performance during the synchronization phase, during continuation there
were no group differences in the continuous timing task anymore. In contrast, with
the intermittent timing task experimental participants were more accurate in their rela-
tive timing than control participants. These results suggest that relative timing, but not
absolute timing, benefits from robotic-guidance training. Possibly those movement
characteristics, which are hard to demonstrate visually or verbally, and relative timing

in particular, profit from robotic guidance during practice.
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Introduction

Physical guidance serves to assist a person who performs a motor task in order
to help him or her to learn it (Schmidt & Lee, 1999), for example in sports, rehabilita-
tion or musical training. A typical form of physical guidance is hand-over-hand assis-
tance that the teacher provides to the student to demonstrate how the movement
should be performed. Another, and more recent, possibility is the use of robotic de-
vices to guide movements. In this study we inquire into the effects of a robotic-
guidance training (or haptic-guidance training) on different kinds of motor timing.

For a long time the prevalent view has been that physical guidance techniques
support the learning of motor skills by way of demonstrating the task and providing a
feeling of the correct movement (e.g., Holding, 1970; Holding & Macrae, 1964). Fur-
thermore the techniques reduce errors and hence enable the student to learn a
movement in a safe manner, for example by preventing him or her from falling. How-
ever, there are also less favourable aspects of physical-guidance techniques, as has
been summarized by Schmidt and Lee (1999). They point out that most previous
studies of physical guidance investigated the immediate effects on performance, but
not on learning, i.e. when the guidance has been removed. They argue that benefi-
cial effects are only temporary and refer to an early study by Armstrong (1970), which
showed that guidance leads to almost perfect performance during training, but is not
superior to other techniques after it has been removed.

Despite the doubts regarding the effectiveness of physical guidance for learning,
during the last few years major efforts have been made to design robotic devices that
support human movements and to investigate their effects on performance and
learning of both, physically disabled (e.g., Reinkensmeyer, Emken, & Cramer, 2004;
Kahn, Zygman, Rymer, & Reinkensmeyer, 2006; Prange, Jannink, Groothuis- Oud-

shoorn, Hermens, & ljzerman, 2006; Takahashi, Yeghiaian, Le, Motiwala, & Cramer,



2007; Marchal-Crespo & Reinkensmeyer, 2009) and healthy persons (e.g., Emken &
Reinkensmeyer, 2005; Liu, Cramer, & Reinkensmeyer, 2006; Reinkensmeyer & Pat-
ton, 2009). Physical guidance by a robotic device rather than by a human therapist or
trainer can make the training more precise and consistent and might be more eco-
nomical. Nevertheless, whereas some studies showed benefits of robotic guidance,
other studies showed that robotic guidance does not improve motor learning (cf. Re-
inkensmeyer & Patton, 2009, for review).

In view of the inconsistent findings, the obvious question is which tasks or task
characteristics benefit from robot-supported training and which do not. Most likely
tasks differ in their susceptibility to the effects of robotic guidance (Reinkensmeyer,
Galvez, Marchal-Crespo, Wolbrecht, & Bobrow, 2007). A first step toward answering
the question is based on a distinction between temporal and spatial movement char-
acteristics.

There is some evidence according to which learning of temporal characteristics is
particularly susceptible to beneficial effects of haptic guidance (Feygin, Keehner, &
Tendick, 2002; Marchal-Crespo & Reinkensmeyer, 2008a; Milot, Marchal-Crespo,
Green, Cramer, & Reinkensmeyer, 2010). Acquisition of spatial characteristics, in
contrast, may profit more from visual-guidance training (Feygin et al., 2002; Liu et al.,
2006).

For example, Marchal-Crespo and Reinkensmeyer (2008a) showed that a haptic-
guidance training helped healthy adults to learn how to steer through a virtual envi-
ronment on a screen. At first glance this seems to require the learning of spatial
characteristics. However, when a vehicle, which moves at a certain speed, has to
follow a certain path, the proper timing of the movements of the steering wheel
represents a major problem. In two experimental groups force was applied to the par-

ticipant’s hand by a force-feedback steering wheel. Guidance was designed to antici-



pate turns, i.e., it helped participants to change direction at the right time. The au-
thors compared the performance of the guidance groups with the performance of a
control group and could show that experimental participants performed better than
controls during both, training and retention. These findings were expanded by Mar-
chal-Crespo, Furumasu, and Reinkensmeyer (2010) who showed that haptic-
guidance training improved the steering abilities of healthy children as well as of a
disabled child with a severe motor impairment in a real wheelchair.

Other studies that showed positive effects of a robotic-guidance training on learn-
ing involved tasks like playing drums (Grindlay, 2008) or a pinball-like game (Milot et
al., 2010). These are tasks which critically depend on timing accuracy. For example
in the study by Grindlay (2008) different rhythms were presented to the participants,
either auditory or haptically, and should be reproduced afterwards with drumsticks.
Feygin (2002) compared the performance of a haptic-guidance group with the per-
formance of a visual group and a combined group, which received both, haptic and
visual information. Participants learned a complex three-dimensional movement and
reproduced it in a test phase. The authors analyzed the movements with measures
of spatial and temporal characteristics and showed that haptic guidance alone was
better for the learning of the timing, whereas visual training was more beneficial for
the learning of spatial characteristics.

Although several studies show positive effects of robotic-guidance training on the
learning of temporal aspects of a movement, not all do so. For example, Marchal-
Crespo and Reinkensmeyer (2008b) showed that guidance training did not enhance
the learning of a pinball-like hitting task compared to unguided training, but was per-
turbing instead. Participants in this study were not informed as to which trials were
guided and which were not, and the authors argue that participants therefore might

have relied too much on the guidance, what prevented them from learning. Alterna-



tively, haptic guidance might be beneficial for the learning of certain types of motor
timing, but not of others.

Motor timing is not a unitary concept, but different kinds of timing can be distin-
guished. Thus, inconsistent findings on the effects of robotic guidance could come
about because different tasks tap different kinds of timing. The purpose of the pre-
sent study is to investigate potentially different effects of robotic guidance on different
aspects of motor timing. In particular these are event-based versus emergent timing
and absolute versus relative timing.

There is a broad agreement in the literature on the distinction between explicit
and implicit timing (Zelaznik, Spencer, & Ivry, 2002) or event-based and emergent
timing (Ivry, Spencer, Zelaznik, & Diedrichsen, 2002). Event-based (explicit) timing is
assumed to depend on an explicit representation of time, whereas emergent (implicit)
timing arises as an emergent property of the movement. Zelaznik et al. (2002) refer
to the example of a sprinter: first his timing is explicit since he anticipates the start of
the run. While running, the timing becomes more and more implicit, and he produces
the required durations of sub-movements in an emergent manner.

The notion of distinct timing mechanisms rather than a single general one, as
claimed earlier by several authors (e.g., Franz, Zelaznik, & Smith, 1992; Keele & lvry,
1990; Keele, Pokorny, Corcos, & Ivry, 1985; Treisman, Faulkner, & Naish, 1992; Ivry
& Hazeltine, 1995), arose from studies that used tapping, intermittent circle-drawing,
and continuous circle-drawing tasks. In these studies, timing variability was corre-
lated between different tapping and intermittent circle-drawing tasks as well as be-
tween different continuous circle-drawing tasks. In contrast, the timing variability of
continuous circle drawing was not correlated with the timing variability of tapping or
intermittent circle drawing (Robertson, Zelaznik, Lantero, Bojczyk, Spencer, Doffin, &

Schneidt, 1999; Zelaznik, Spencer, & Doffin, 2000; Zelaznik et al., 2002). These find-



ings led the authors to the assumption that discrete timing tasks such as tapping or
intermittent circle drawing rely on explicit timing mechanisms, whereas continuous
timing tasks such as consecutive circle drawing invoke mechanisms of emergent tim-
ing. Further support for the distinction between event-based and emergent timing
comes from neuropsychological studies. Patients with certain cerebral lesions had
considerable difficulty in performing discrete timing tasks. In contrast, their ability to
perform continuous rhythmic movements was not affected (e.g., Spencer, Zelaznik,
Diedrichsen, & Ivry, 2003).

The distinction between emergent and discrete motor timing is related to the
broad distinction between continuous/rhythmic and intermittent/discrete movements
and the differences between them with respect to control and learning (for an over-
view see Hogan & Sternad, 2007). The emergent-timing task used in the present ex-
periment is continuous and rhythmic, whereas the event-based timing task is intermit-
tent and discrete. Studies of learning these types of movement suggest that they rely
on at least partly distinct mechanisms of control and learning, which should embrace
different mechanisms of timing control (e.g., Howard, Ingram, & Wolpert, 2011; Ike-
gami, Hirashima, Taga, and Nozaki, 2010).

Most of the studies that showed beneficial effects of robotic guidance on the
learning of motor timing used timing tasks that were rather discrete in nature in that
they required initiating a movement at a certain point in time. In these tasks the tim-
ing was primarily event-based, i.e. when to turn the steering wheel or joystick, when
to hit the pinball and when to hit the drum pad with the drumstick. The findings sug-
gest that the learning of event-based or explicit motor timing might be particularly
susceptible to the beneficial effects of robotic-guidance training. However, the timing

in the tests of Feygin et al. (2002) was more of the emergent type. Therefore the pre-



sent experiment was designed to contrast the effects of robotic guidance on both,
event-based and emergent motor timing.

We used a circle-drawing task in two variants for two timing groups. Participants
performed either continuous (emergent timing) or intermittent (event-based timing)
circle drawing in a synchronization-continuation paradigm, which is commonly used
in motor-timing studies (e.g. Robertson et al., 1999; Zelaznik, Spencer, Ivry, Baria,
Bloom, Dolansky, Justice, Patterson, & Whetter, 2005; Summers, Maeder, Hiraga, &
Alexander, 2008; Repp & Steinman, 2010). In the synchronization phase participants
had to synchronize their drawing movements with the pace of a metronome. This
phase was a learning phase, in which participants were shown which characteristics
the movement should have. In the following continuation phase participants heard no
more tones and tried to continue their movements with the same pace. This was a
test phase, in which participants reproduced the movement. Half of the participants in
each timing group were guided by a haptic device during the synchronization phase,
whereas the other half performed the task without haptic guidance. The robot guided
the participant’s hand on a circular trajectory, either continuously or interrupted by
pauses, with the correct timing. However, the force exerted by the device could be
overridden by the participant. During continuation none of the participants was
guided anymore.

The second distinction between different types of motor timing that we examined
with respect to the effects of robotic guidance is the one between absolute and rela-
tive timing (Terzuolo & Viviani, 1980; Schmidt, 1985). Absolute timing refers to the
overall duration of a movement, whereas relative timing refers to the relative dura-
tions of sub-movements. Absolute and relative timing in principle differ in their sus-

ceptibility to the effects of different training protocols (e.g. Shea, Lai, Wright, Immink,
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& Black, 2001; Wulf, 1995), so that they might also differ in their susceptibility to the
effects of haptic guidance.

The correct relative timing is difficult in the intermittent circle-drawing task that we
used, but not in the continuous circle-drawing task. Participants have problems with
parsing the duration of a movement cycle in circles and pauses of equal length. In-
stead of producing circles and pauses of equal durations, participants tend to
lengthen the relative duration of the movement and to shorten the relative duration of
the pause (e.g. Zelaznik et al., 2002). In contrast, with continuous circle drawing the
relative durations of successive circles do not systematically differ.

We examined absolute and relative timing by way of analyzing the timing per-
formance in terms of three different measures, two for absolute and one for relative
timing. Since it is well known that robotic guidance leads to improved performance
during training, we expected the guided groups to be more accurate in absolute tim-
ing during the synchronization phase. Relative timing was only relevant in the dis-
crete timing task (intermittent circle drawing), where a movement cycle should be
parsed in a circle and a pause of equal length. Therefore an effect regarding relative
timing was expected only for the discrete task, but not for the continuous task in
which circles were produced without interruptions. However, our main interest was
not in the synchronization phase, which primarily served as a learning phase in which
the movement was demonstrated to the participants. Rather, we intended to answer
the question whether robotic guidance leads to a more accurate absolute and/or rela-
tive timing in the continuation phase and thus facilitates learning of either one or both

timing tasks.
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Methods
Participants

A total of 78 participants volunteered for the study. Their age ranged from 18 to
36 years (M=23.5 years, SD=3.71 years). Forty-four of the participants performed the
continuous (emergent) timing task (32 female, 12 male; mean age: 22.9 years).
Twenty-two of them (13 female, 9 male; mean age: 22.7 years) were supported by
the robot during synchronization (experimental group), whereas 22 participants (19
female, 3 male; mean age: 23.2 years) were in a control group without robotic guid-
ance. The discrete (event-based) timing task was performed by 34 participants (15
female, 19 male; mean age: 24.3 years). Eighteen (7 female, 11 male; mean age:
24 4 years) of them were supported by robotic guidance during synchronization (ex-
perimental group), and 16 (8 female, 8 male; mean age: 24.1 years) performed with-
out guidance (control group). All participants were right-handed, had normal or cor-
rected to normal vision and no significant language, motor or neurological dysfunc-

tion according to their own declaration. Each participant was paid 10 Euro.

Apparatus

Participants drew with a pen on a digitizer (Wacom Intuos4). Position data were
sampled at 100 Hz. The tip of the pen was attached to the end of a robot arm (Phan-
tom Premium 1.5 A, SensAble Technologies). The connecting link at the end of the
robot arm carried a hole into which the tip of the pen was inserted (see Fig. 1a). The
pen was held there by a minute rubber ring inside the walls of the hole, so that it
could be tilted freely in all directions. Only with respect to horizontal movements the
link between robot arm and tip of the pen was rigid. The position of the tip of the pen
was mapped on the position of a cursor on the monitor, a green marker of 5 mm di-

ameter. To avoid injuries in case the Phantom gets out of control, a safety barrier
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was placed between it and the participant. Figure 1b shows the whole experimental
setup with Phantom, the digitizer and the monitor (liyama S902JT VisionMaster Pro

451) which was placed in about 90 cm distance from the participant’s eyes.

Fig. 1. Apparatus: (a) The tip of the pen was attached to the lower end of the stylus of a Phantom 1.5.

(b) Participants were seated in front of a digitizer tablet and faced a monitor.

Design and procedure

We compared the performance of a robotic-guidance (or experimental) group and
a control group for two kinds of timing task, a continuous one (emergent timing) and
a discrete one (event-based timing). Thus there were four groups of participants in
total. Participants were seated in front of the digitizer in a quiet and dimly lit room.
They were instructed to watch the screen and wore earphones via which tones were
presented and which shielded them from other, distracting auditory stimuli such as
the drawing noise.

First the instructions were read and five familiarization trials were performed. Dur-
ing these trials, participants performed either with or without robotic guidance during
the synchronization phase, depending on the group they were assigned to. The ex-

periment proper took about one hour and consisted of 57 trials. Each trial consisted
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of a synchronization phase, in which participants should synchronize their move-
ments with the pace of a metronome that produced a tone of 30 ms duration every
1000 ms, and a continuation phase, in which they should maintain the timing estab-
lished during synchronization. Participants of the experimental group were informed
that the robot would support their movements, and that the guidance would end to-
gether with the tones.

Although the focus was on the timing of the participants’ movements, there was
the additional requirement to draw circles with a diameter of roughly 10 cm. A blue
marker was presented on the monitor which indicated the topmost position of the
ideal circle where movements should start and end. To illustrate the requested di-
ameter of the circular movement, during the first 5 s of each trial an additional white
marker was presented which indicated the lowest position of the ideal circle. The cur-

sor was visible during these first 5 s only.

Continuous timing task

At the start of each trial, participants moved the cursor to the topmost position of
the ideal circle (blue marker). After two seconds the first tone appeared, and partici-
pants started to draw circles continuously. They tried to synchronize their movements
with the pace of the auditory stimulus, i.e., they tried to pass the blue marker every
1000 ms in synchrony with the tone (see Fig 2a). During the synchronization phase
the experimental group was assisted by the haptic device. More specifically, at each
point in time there was a force field which drove the tip of the pen to a target position
on the circumference of a circle with 10 cm diameter; the target position moved
around the circumference within 1000 ms. The force was 0.3d N, with d as the dis-
tance in mm of the current position of the tip of the pen from its target position (upper

limit: 10 N). The participants of the control group also drew with the pen attached to
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the Phantom device, but there was no guidance as in the experimental group. Each
synchronization phase lasted 16 seconds, i.e. 16 circles. For the following 30 s par-
ticipants were instructed to continue their movements with an unchanged pace, i.e.
they were told to draw circles at the same pace (and with the same diameter) as in
the synchronization phase, as if the tones would still appear. After 46 seconds a
high-pitched tone was presented and the cursor became visible again. This indicated

the end of the trial.

Discrete timing task

The discrete timing task was somewhat different from the continuous task. In-
stead of drawing circles continuously, participants should pause after each circle
(see Fig. 2b). The circles and the pauses should be synchronized with the tones
which appeared every 1000 ms. Thus, participants should start a circular movement
with the first tone and end at the topmost position in synchrony with the subsequent
tone. Then they should pause for 1000 ms until the third tone, in synchrony with
which they should start the next circular movement, and so forth. The synchroniza-
tion phase lasted 16 seconds, so that 8 circles and 8 pauses were produced. Again
the experimental group was guided by the robot during this phase, whereas the con-
trol group tried to synchronize their movements without any physical support. For the
subsequent continuation phase, which lasted another 30 seconds (15 circles + 15
pauses), participants were instructed in the same way as participants who performed

the continuous task.
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Fig. 2. Timing tasks. With the continuous timing task (a) participants had to draw circles successively
and pass the topmost position of the circle in synchrony with the tones. Two circles were merged to
one cycle. Participants with the discrete timing task (b) should rest after each circle for 1000 ms. One

circle and the following pause were merged to a cycle.

Data analysis

In a first step, the position-time curves were low-pass filtered (fourth-order
Butterworth, 5 Hz, dual-pass) and individual circles and pauses were identified for
each trial. For this purpose the y-velocity (velocity of the vertical motion of the cursor
on the monitor or, equivalently, the forward-backward movement of the hand) was
calculated by means of a central-difference algorithm. Subsequently the velocity pro-
file was scanned. For the continuous timing task, a circle was defined as lasting from
the one zero crossing to the one after the next, which is equivalent to the time from
the beginning of a downward motion of the cursor to the beginning of the next one.
For the discrete timing task, a circle was defined to last from the time at which down-

ward velocity exceeded a threshold of 20 mm/s for at least 15 successive samples to



16

the last time at which upward velocity was larger than a threshold of 20 mm/s for the
preceding 15 samples or longer. A pause was defined to last from the end of one cir-
cle to the start of the subsequent one. (As a consequence of the use of the velocity
thresholds unequal zero, relative durations of pauses should tend to be overesti-
mated rather than underestimated.)

For the analysis pairs of consecutive circles (continuous timing task) or of circles
and the subsequent pauses (discrete timing task) were combined to cycles (cf. Fig-
ure 2). In the case of an unequal number of circles and pauses in the synchronization
or continuation phase of the discrete timing task or an odd number of circles in the
synchronization or continuation phase of the continuous task, the last circle in the
respective phase was neglected. In addition first and last cycles of synchronization
and continuation phases were discarded, and so were deviant cycles that did not
meet the following criteria: first, the cycle had a duration between 1.5 and 2.5 s, sec-
ond, the Euclidean distance between the start and the final position of the cursor was
not larger than 25 mm, third, start and end position of the cycle had a y-position
above the mean y-position of the whole cycle, and fourth, the second part of the cy-
cle had a duration longer than zero.

For the cycles of the synchronization phase and the continuation phase of each
trial the constant error, i.e., the mean difference between requested cycle duration
(2000 ms) and the actual cycle durations, was calculated and served as a measure
of absolute-timing accuracy. This measure in particular indicates systematic decel-
erations or accelerations in the continuation phase. As an additional (and more fre-
quently used) measure of absolute-timing accuracy the variable error was deter-
mined, i.e., the standard deviation of the cycle durations in each phase of each trial.
The mean difference between the durations of the first parts of the cycles (circles)

and the durations of the second parts of the cycles (circles or pauses) served as a
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measure of relative-timing accuracy, again computed separately for the synchroniza-
tion phase and continuation phase of each trial. Since each component ideally lasted
1000 ms, this measure should be around zero when participant’s relative timing was
accurate. In contrast, this measure was above zero when the duration of the first part
of the cycle was longer than the duration of the second part, and below zero when
the second part took longer.

The three dependent variables for each of the 57 trials were averaged to form
means for 3 blocks of 19 trials each. The individual means for each block were en-
tered in the statistical analyses. Three-way ANOVAs were run, separately for the
synchronization and continuation phase. Timing task (continuous vs. discrete) as well
as guidance condition (guided vs. unguided) served as between-participant factors
and block as the within-participant factor. Greenhouse-Geisser corrections were ap-
plied when appropriate, but the uncorrected degrees of freedom are reported to-
gether with the Greenhouse-Geisser epsilon. Effect sizes are given as partial eta-

squared.

Results

The results will be reported first for the synchronization phase and thereafter for
the continuation phase. The former reflect the immediate performance effects of the
robot assistance, whereas the latter reflect the learning effects. The means of the
three dependent variables during both synchronization and continuation are shown in

Figure 3.

Synchronization phase
In the synchronization phase 4.8 % of all cycles were excluded from analysis
(group continuous, guided: 1.5 %, group continuous, unguided: 7.4 %, group dis-

crete, guided: 5.1 %, group discrete, unguided: 5.2 %).



18

As expected, absolute timing was more accurate, i.e., the mean deviation of cycle
durations from 2000 ms was closer to zero and the standard deviation of cycle dura-
tions was smaller, when participants were guided by the robot than in the unguided
control group. This was true for both timing tasks, continuous (emergent timing) and
discrete (event-based timing). The variable timing error of the discrete task was in
general higher than that of the continuous task. In contrast, with respect to relative
timing only participants in the two groups with the discrete task-with and without hap-

tic guidance-differed.
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Fig. 3. Constant error of cycle duration (top), variable error of cycle duration (centre), and relative
timing (bottom) during the synchronization and the continuation phase for the continuous (left) and the
discrete (right) timing task and the 3 blocks of trials in each phase. Standard errors are given as verti-
cal bars. An asterisk close to the lines indicates a significant difference between the experimental
(guided) and the control (unguided) participants.
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The ANOVA of the constant error of absolute timing revealed a significant differ-

ence between guidance conditions, F(1,74) = 7.24, p<.01, r]f, = .09, as well as a sig-

nificant interaction of the factors timing task and guidance condition, F(1,74) = 5.33, p

.02, r]§ = .07. Performance improved significantly across blocks, F(2,148) = 3.54, p

.05, ¢ = .67, r]§ = .05, but there was no significant interaction of blocks with timing

task or guidance condition. Further analyses that were performed separately for the
two timing-task groups revealed that experimental (guided) participants performed

significantly better than control (unguided) participants with the continuous task,
F(1,42) = 8.57, p <. 01, n§ = .17, whereas the difference between these two groups
with the discrete task failed to reach statistical significance, F(1,32) = 0.58, p = .45,
n, =.02.

The ANOVA of the variable timing error revealed significant main effects of the

factors timing task, F(1,74)

70.72, p < .01, n2 = .49, and guidance condition,
F(1,74) = 157.10, p < .01, r]s = .68. Performance improved across blocks, F(2,148) =
6.06, p < .01, € = .98, r]s = .08. Separate ANOVAs for the two timing-task groups
showed that with both tasks, continuous, F(1,42) = 200.05, p < .01, r]ﬁ = .83, and

discrete, F(1,32) = 38.58, p < .01, n§ = .55, participants had a significantly smaller

variability of the cycle durations when they were supported by the robot.

Regarding relative timing, the overall ANOVA revealed a significant main effect of
the factor guidance condition, F(1,74) = 65.86, p < .01, r]f, = .47, as well as a signifi-
cant interaction of timing task and guidance condition, F(1,74) = 66.44, p < .01, r]§ =

47. Relative timing did not change significantly across blocks, and there was no sig-

nificant interaction involving this factor. Separate analyses for the two timing-task
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groups showed that participants with the discrete task were significantly more accu-

rate when they were supported by the robot, F(1,32) = 50.70, p < .01, r]f, = .61, than

in the unsupported control condition. With the continuous task, in contrast, partici-
pants of the experimental and control groups did not differ significantly in their rela-
tive-timing performance, F<1. The difference between the durations of the first and
second circles of each cycle was close to zero in both the experimental (guided) and

control (unguided) condition.

Continuation phase

In the continuation phase 8.7 % of all cycles were excluded from analysis
(group continuous, guided: 5.7 %, group continuous, unguided: 7.6 %, group dis-
crete, guided: 14.4 %, group discrete, unguided: 8.1 %).

The analysis of the timing performance in the continuation phase reveals whether
experimental (guided) participants could maintain their superior performance after
the robot has been switched off. As soon as the guidance has been removed, there
was no more difference between the guidance conditions regarding the constant er-
ror of absolute timing, neither with the continuous nor with the discrete task. Partici-
pants in the two groups with the continuous timing task did also not differ regarding
the variable error of absolute timing and relative-timing accuracy. In contrast, experi-
mental participants with the discrete timing task were more accurate in their relative
timing than unguided control participants, but also more variable in their absolute tim-
ing.

The ANOVA of the constant error showed no significant main effects, neither for
the factor timing task nor for the factor guidance condition, and the interaction of
these two factors was also not significant. The change across blocks failed to reach

statistical significance, but there was a significant block x timing task interaction,
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F(2,148) = 4.88, p = .01, € = .84, r]ﬁ = .06. Separate analyses of the two timing-task
groups showed that this interaction was due to a marginally significant improvement
of performance with the continuous task, F(2,84) = 2.67, p = .09, € = .75, r]f, = .06,
and a decline of performance across blocks with the discrete task, F(2,64) = 3.66, p

= .04, € = .82, r],f = .10. The decline of absolute timing performance resulted from a

progressive reduction of the mean cycle duration. The interaction between block and
guidance condition was not significant.

For the variability of cycle duration, the main effect of timing task, F(1,74) =
106.47, p < .01, r]ﬁ = .59, and the timing task x guidance condition interaction,
F(1,74) = 4.10, p = .05, r]f) = .05, were significant. The variable timing error did not

change significantly across blocks. Separate analyses revealed that there was no
difference between experimental and control participants in the continuous timing-
task group, F<1. In contrast, with the discrete task the variable timing error was sig-

nificantly larger for participants who were trained with the robot than for control par-
ticipants, F(1,32) = 5.36, p = .03, n2 = .14.

Regarding the difference between the durations of the first part of the cycle and

the second part (relative timing), in the continuation phase there were still significant

effects of the factors timing task, F(1,74) = 28.22, p < .01, r],f = .28, and guidance
condition, F(1,74) = 6.04, p = .02, r]s = .08, as well as a significant interaction of
these two factors, F(1,74) = 5.96, p = .02, r]f, = .08. The factor block, F(2,148) = 4.86,
p =.02, €= .67, r|§ = .06, as well as the block x timing task interaction, F(2,148) =

475, p = .02, € = .67, r|f, = .06, also reached statistical significance. Separate

ANOVAs for the two timing-task groups showed that the significant main effect of
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guidance condition was due to the superiority of the guidance group with the discrete
timing task. Participants who had been guided by the robot in the synchronization

phase were still significantly more accurate in their relative timing in the continuation

phase, F(1,32) = 4.59, p = .04, r]§ = .13, even though their performance now was

also biased in that their circles were too long and their pauses too short. All partici-

pants in the discrete timing-task group improved significantly across blocks, F(2,64) =

3.69, p = .05, € = .67, r],f = .10. With the continuous timing task, experimental partici-

pants did not differ from control participants in their relative timing, F(1,42) =1.45, p =

24, r]§ = .03. Both groups had mean differences around zero, which indicates that

first and second circles of each cycle were of equal mean durations.

Discussion

In this study we investigated the effects of robotic guidance on the performance
and learning of different types of motor timing in a synchronization-continuation
paradigm. Two different timing tasks, continuous and discrete, served to distinguish
between two different timing mechanisms, emergent and event-based timing (e.g.,
Zelaznik et al., 2002). We used three different measures to assess performance both
with respect to absolute and relative timing (e.g., Terzuolo & Viviani, 1980).

In the synchronization phase, where participants synchronized their movements
with the pace of a metronome, participants with the continuous timing task, who were
supported by the robot, showed a more accurate performance in absolute timing than
the control group without robot support, i.e., the robot helped them to produce each
cycle with the exact target duration. This resulted in cycle durations of approximately
two seconds as well as a small variability. For the continuous task there was no dif-
ference between the groups with and without robot guidance regarding the relative

timing, i.e., the relation between the durations of the first and the second circle of
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each cycle. This is not surprising since the correct relative timing was not an inherent
difficulty of the continuous timing task which tapped the emergent timing mechanism.

Experimental (guided) participants with the discrete timing task were more accu-
rate during synchronization in all three dependent measures than control (unguided)
participants, although for the constant error of absolute timing the difference failed to
reach statistical significance. Participants in the experimental condition profited from
the robot in that it helped them to keep the duration of the circle and the pause of
each cycle more similar. In summary, the results of the synchronization phase are
consistent with previous observations that robotic guidance leads to better timing
performance during practice (Marchal-Crespo & Reinkensmeyer, 2008a; Re-
inkensmeyer & Patton, 2009; Schmidt & Lee, 1999).

The more important question is whether the benefits of haptic guidance persist in
the continuation phase, after the robot has been switched off. This was the case only
for the relative-timing performance of the discrete task: participants who had been
guided by the robot during synchronization were more accurate in keeping the dura-
tion of the circle and the pause similar than participants of the control group. In con-
trast, experimental participants with the continuous task did not differ from the control
participants in any of the measures anymore.

Besides the improvement of the relative timing, experimental participants with the
discrete timing task also showed increased variability of their absolute timing. Most
likely this increase of the variable error of absolute timing is a consequence of the
better relative timing rather than a genuine detrimental effect of the robot training.
Experimental participants made longer pauses than control participants, as indicated
by the relative-timing measure. Since the timing variability commonly increases with

increasing interval duration (e.g. Peters, 1989), it is feasible that the larger variable
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error of absolute timing in the experimental group reflects a higher variability of
pause durations which in turn result from longer pauses.

To test this hypothesis, we computed the regression of the individual variable er-
rors of absolute timing on the individual measures of relative timing, with both vari-
ables averaged across blocks of trials. The scatter plot is shown in Figure 4. The
slope of the linear regression was significant, -.02 (95% confidence interval: -.04 to
0), that is, the variable error of absolute timing did indeed increase with increasing

relative-timing accuracy (i.e., increasing pause durations).
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Fig. 4. Scatter plot of variable error as a function of relative timing in the two groups with the discrete
timing task. Both variable error and relative timing are averages across the three blocks of trials for

each individual participant.

Overall the residuals of the variable timing error sum up to zero. However, in the
two groups with the discrete timing task they could be different. They were .005 and -
.006 s in the experimental and the control group, respectively. Even though the vari-
able errors of the experimental group were preferably above the regression line and

those of the control group below (cf. Figure 4), the difference was not statistically sig-
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nificant, t(32)=1.66, p=.11. Thus, for (statistically) equivalent relative-timing accuracy
the absolute-timing variability was not significantly different in the two groups. There-
fore the higher cycle variability of the participants of the experimental group is primar-
ily due to their more accurate relative timing.

Why did robotic guidance facilitate the learning of relative timing only? Perhaps
relative timing per se profits more from robotic-guidance training than absolute tim-
ing. Relative timing was also an important aspect in the study of Feygin et al. (2002)
and in other studies (Grindlay, 2008; Marchal-Crespo & Reinkensmeyer, 2008a;
Marchal-Crespo & Reinkensmeyer, 2010; Milot et al., 2010), in which positive effects
of guidance on the learning of temporal movement characteristics could be shown.
Since learning of a correct relative timing in our study was required only in the dis-
crete timing task, but not in the continuous task, where circles were drawn consecu-
tively and the relative timing of successive circles was correct from the very start, the
present data do not allow any conclusion with regard to the learning of relative timing
in a continuous timing task.

In spite of the rather consistent findings, one may doubt that relative timing per se
is crucial for the benefit of robotic-guidance training. Perhaps it is not the kind of tim-
ing, but the difficulty of communicating or instructing certain movement characteris-
tics that determines whether their learning profits from robotic guidance. Some
movements or movement characteristics can be taught easily by verbal instruction or
visual demonstration. In contrast, others are hard to explain and to communicate
without producing the movement, but can easily be demonstrated by guiding the
learner. The continuous and discrete timing tasks in our experiment differed with re-
gard to this aspect. Whereas the instructions for the continuous circle-drawing task
were easy to understand, it was more difficult to explain verbally when to draw and

rest during the intermittent circle-drawing task. The results are in accordance with
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this hypothesis, since participants who practiced the discrete timing task had obvious
difficulties with parsing the cycles in circles and pauses of equal durations (see Fig.
3).

Such considerations suggest that the learning of those movements or movement
characteristics will benefit from robotic guidance which are otherwise hard to com-
municate. Temporal aspects are in general harder to demonstrate verbally or visually
than spatial characteristics. When and how to move to play the drums (Grindlay,
2008) or the pinball (Milot et al., 2010), to turn a steering wheel (Marchal-Crespo &
Reinkensmeyer 2008a; Marchal-Crespo & Reinkensmeyer, 2010 ) or how to make a
movement with a certain spatio-temporal pattern (Feygin et al., 2002) is hard to ex-
plain, but easier to demonstrate haptically. Perhaps this is why these kinds of move-
ments are more likely to profit from haptic guidance. Further experiments with differ-
ent timing tasks are needed to clarify the question if it is really the temporal aspect or
a certain mode of timing that makes a task susceptible to the beneficial effects of ro-
botic guidance or if it is rather the difficulty of demonstration that is crucial.

Finally, we want to briefly address the reasons for the phenomenon which can
also be found in previous studies of intermittent circle drawing (e.g., Zelaznik et al.,
2002), namely the tendency of participants to draw circles that are too long in dura-
tion and to make pauses that are too short. The control group showed this behaviour
from the beginning and throughout the whole experiment, during synchronization as
well as during continuation. Performance of the experimental participants was biased
in the same direction as soon as the robot was switched off, even though not to the
extent as the performance of the control participants was.

The different relative durations of circles and pauses might be due to differences
in time perception during drawing a circle and pausing. Several studies (e.g., Chas-

ton & Kingstone, 2004) demonstrate that time seems to pass faster when a task is
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performed. According to the attentional model of prospective time estimation (Tho-
mas & Weaver, 1975), attention has to be shared between a timer and additional in-
formation. This timer produces pulses with a particular frequency that are accumu-
lated and used for time estimation. When attention is distracted from the timer,
pulses are lost and time is underestimated. Applied to the task in our experiment, the
time interval during drawing the circle might have been perceived as shorter than it
really is, since the drawing task distracts attention. Zelaznik et al. (2002) explained
the larger variability of the cycle components than of the overall duration as resulting
from the primary goal of maintaining the overall period; they refer to a study by Billon,
Semjen, and Stelmach (1996) who argue that the action is represented in a hierar-
chical manner, with maintaining the overall period as the primary goal and maintain-
ing the subintervals as subordinate goals. According to this reasoning, participants in
our experiment might have made the short pauses in order to compensate for the

long circle durations to keep the overall period of two seconds.
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Abstract

Robotic guidance is an engineered form of haptic-guidance training and intended to
enhance motor learning in rehabilitation, surgery, and sports. However, its benefits
(and pitfalls) are still debated. Here we investigate the effects of different presenta-
tion modes on the reproduction of a spatio-temporal movement pattern. In three dif-
ferent groups of participants, the movement was demonstrated in three different mo-
dalities, namely visual, haptic, and visuo-haptic. After demonstration participants had
to reproduce the movement in two alternating recall conditions, haptic and visuo-
haptic. Performance of the three groups during recall was compared with regard to
spatial and dynamic movement characteristics. After haptic presentation, participants
showed superior dynamic accuracy, whereas after visual presentation participants
performed better with regard to spatial accuracy. Added visual feedback during recall
always led to enhanced performance, independent of the movement characteristic
and the presentation modality. These findings substantiate the different benefits of
different presentation modes for different movement characteristics. In particular, ro-
botic guidance is beneficial for the learning of dynamic, but not of spatial movement

characteristics.



Introduction

In the last ten to fifteen years professionals from various disciplines such as kine-
siology, engineering, neurocognition, psychology, and medicine have an increasing
interest in developing new technologies and paradigms to enhance motor learning in
surgery, sports, musical training, and rehabilitation. One of these paradigms is ro-
botic guidance. This is an engineered form of haptic guidance, in which a teacher or
therapist, for example, provides a hand-over-hand assistance to the student or pa-
tient (e.g. Gillespie, Brent, O'Modhrain, Tang, Zaretzky, & Pham 1998). In compari-
son to human trainers and therapists robots are more consistent and precise (Solis,
Avizzano, & Bergamesco 2002) and also less expensive in the long run (Liu, Cramer,
& Reinkensmeyer 2006). However, they must not be more effective. Although many
studies with patients as well as with healthy persons have been conducted, the ef-
fects of such training are not yet well established. There is a strong demand to iden-
tify tasks and movement characteristics that actually profit from robotic guidance (for
an overview see Reinkensmeyer, Galvez, Marchal, Wolbrecht, & Bobrow 2007, or
Reinkensmeyer & Patton 2009). The present study was designed to gain further in-
sight into the effects of a robotic-guidance training on the short-term learning of spa-
tial and dynamic characteristics of a spatio-temporal motor pattern.

In therapy and rehabilitation, robotic guidance is mainly used to facilitate motor
recovery after stroke or spinal cord injury (for an overview see Marchal-Crespo & Re-
inkensmeyer 2009 or Reinkensmeyer, Emken, & Cramer 2004). Robots that guide
movements of the upper extremity such as pointing, grasping, reaching, and drawing
as well as devices that assist gait training by providing body weight support and
guidance of the legs have been tested in clinical studies with patients. Whereas sev-
eral of these studies indicated that robotic-guidance training can indeed facilitate re-

covery, others could not show any benefit.



Early research with healthy humans on different kinds of guidance (e.g. Holding
1970; Holding, & Macrae 1964) showed that haptic guidance can demonstrate the
task and provide a feeling of the correct movement (that could otherwise not be
achieved). However, there have also been early doubts about the endurance of per-
formance. Schmidt and Lee (1999) argue that haptic guidance does indeed support
motor performance during training, but is not necessarily superior to other training
techniques for learning. They refer to an early study of Armstrong (1970), which
showed that guidance leads to almost perfect performance during training, but is not
superior to other techniques after it has been removed.

This pessimistic stance has been somewhat ameliorated by more recent studies.
Robotic guidance has been used to train to steer a wheelchair (Marchal-Crespo &
Reinkensmeyer 2008; Marchal-Crespo, Furumasu, & Reinkensmeyer 2010), to play
drums (Grindlay 2008), to write foreign characters (Henmi & Yoshikawa 1998; Solis
et al. 2002; Teo, Burdet, & Lim 2002; Palluel-Germain, Bara, Hennion, Gouagout, &
Gentaz 2006, 2007), to play a pinball-like game (Marchal-Crespo & Reinkensmeyer
2008; Milot, Marchal-Crespo, Green, Cramer, & Reinkensmeyer 2010) or to produce
movements with a certain spatio-temporal pattern (Feygin, Keehner, & Tendick 2002;
Liu et al. 2006; Lattgen & Heuer in press; Luttgen & Heuer submitted). The guidance
that was used in these studies was either guidance in position (HGP) or guidance in
force (HGF). The former uses spatial coordinates whereas the latter plays back
forces that have previously generated and recorded by an expert (for an overview
see Bluteau, Coquillart, Payan & Gentaz 2008).

Many of the studies that investigated the effects of robotic guidance on motor
learning could show that this kind of training provides indeed some benefit in com-

parison to other demonstration modalities, but not all did so (Marchal-Crespo & Re-



inkensmeyer 2008). Most importantly, it is not well defined which movement charac-
teristics benefit from robotic-guidance training and which do not.

However, there is tentative evidence for the hypothesis that the learning of dy-
namic movement characteristics, such as timing and velocity profiles, might benefit
more from robotic guidance than the learning of spatial movement characteristics.
Some authors (e.g., Liu et al. 2006) argue that vision is more accurate for spatial
characteristics, the learning of which might thus profit more from visual than from
haptic demonstration. In contrast, proprioception might be more accurate for dynamic
aspects (e.g. Reinkensmeyer et al. 2009). Consistent with the hypothesis that learn-
ing of dynamic movement characteristics is particularly susceptible to robotic guid-
ance, mainly those studies could confirm a beneficial effect of a robotic-guidance
training in which dynamic movement characteristics were crucial for performance.
Examples are when to turn a steering wheel (Marchal-Crespo & Reinkensmeyer
2008; Marchal-Crespo, Furumasu, and Reinkensmeyer 2010) or when to hit a pinball
(Milot, Marchal-Crespo, Green, Cramer, & Reinkensmeyer 2010). In addition positive
effects of robotic guidance on velocity accuracy when learning to play a rhythmic se-
quence with drumsticks (Grindlay 2008) and on the accuracy of a non-natural modu-
lation of velocity during circle drawing (LUttgen & Heuer in press) could be shown.

The present study was designed to gain further insight into the effects of different
demonstration modes on the learning of dynamic and spatial aspects of a drawing
movement. The only study known to us that explicitly compared the effects of visual,
haptic and visuo-haptic demonstrations on the learning of both, spatial and dynamic
aspects, is the one of Feygin et al. (2002). Participants in that experiment learned a
complex three-dimensional movement in one of the three different demonstration
conditions. In addition there were two recall conditions, haptic and visuo-haptic. Per-

formance was analyzed regarding both, spatial and temporal accuracy. The authors



could show that visual training alone was better for the learning of the position and
the shape of the movement, whereas haptic guidance alone was better for the learn-
ing of dynamic aspects. The combined training led to a performance regarding shape
similar to the performance in the visual condition and a performance regarding timing
similar to the one in the haptic condition.

Feygin et al. (2002) used a within-participant design, which means that all partici-
pants were trained in all conditions. Such a design is problematic for a learning ex-
periment, since transfer effects cannot entirely be excluded (Krauth 1995; Poulton &
Freeman 1966). Furthermore, Feygin et al. emphasized spatial accuracy of the
movements. For dynamic accuracy they only used a single measure of total-duration
accuracy and did not differentiate between different aspects of timing (cf. Littgen &
Heuer submitted). Thus the results of this study need confirmation and elaboration.
Therefore we conducted a similar experiment, but with a between-participant design
and a more detailed analysis of dynamic movement characteristics. We tested the
effects of visual, haptic, and visuo-haptic demonstration on the short-term learning of
different spatial and dynamic aspects of a movement. As in the study of Feygin et al.
(2002) we used a position-based guidance method. The learning of dynamic aspects
was expected to be superior under the haptic-demonstration condition, whereas the
learning of spatial aspects was expected to be superior under the visual-
demonstration condition.

Recall was assessed under two conditions, namely haptic feedback only and
visuo-haptic feedback. These two different recall conditions were introduced to inves-
tigate if the recall mode interacts with the mode in which the movement is demon-
strated (as in Feygin et al. 2002). With visual demonstration, participants only
watched the movement on the screen. Thus they had to translate the information

from the visual modality into the proprioceptive modality (Grindlay 2008) during recall.



This should be less difficult when vision is present during recall as well, so that the
participants can reproduce the visual pattern on the screen. In contrast, under haptic-
only recall, participants cannot resort to the visual information, and the translation of
the visual modality into proprioception should be more error-prone. Therefore per-
formance of the visually trained group should be superior when vision is added dur-
ing recall. In contrast, the effects of added vision during recall when the movement
was demonstrated haptically are more uncertain. Added vision might interfere with
the haptic representation of the movement and might therefore decrease perform-
ance (as in Feygin et al. 2002). Alternatively, it might provide supplementary informa-
tion about the movement that could be used in addition to the well-learned haptic in-

formation and therefore increase performance.

Methods

Participants

A total of 60 participants (42 female, 18 male; 19-33 years) volunteered for the
study. Twenty of them participated in the visual group (13 female, 7 male; mean age:
25.5 years, SD: 3.3), 20 in the haptic group (17 female, 3 male; mean age: 24.2
years, SD: 2.7), and 20 in the visuo-haptic group (12 female, 8 male; mean age: 24.5
years, SD: 2.6). All participants were right-handed and had normal or corrected to
normal vision according to their own declaration. They read and signed an informed
consent form before the experiment that was done in accordance with the ethical

standards laid down in the 1964 Declaration of Helsinki.

Apparatus

The apparatus is shown in Figure 1. It consisted of a PC with a monitor (liyama

S902JT VisionMaster Pro 451), a digitizer (Wacom Intuos4), and a robotic device



(Phantom Premium 1.5 A, SensAble Technologies). The connecting link at the end of
the robot arm carried a hole into which the tip of the digitizer pen was inserted. The
pen was held there by a minute rubber ring inside the walls of the hole, so that it
could be tilted freely in all directions. Only with respect to horizontal movements the
link between robot arm and tip of the pen was rigid. Participants drew with this pen on
the digitizer. The position of the tip of the pen was mapped on the position of a cursor
on the monitor, a green marker of five mm diameter. Position data were sampled at
100 Hz. To avoid injuries in case the Phantom should get out of control, a safety bar-

rier was placed between it and the participant.

Fig. 1 Apparatus: Participants were seated in front of a digitizer tablet and faced a monitor. The tip of
the pen was attached to the lower end of the stylus of a Phantom 1.5.

Design and procedure

The task of the participants was to learn a target movement with a certain velocity

profile and to reproduce it afterwards. Based on the movements used in a study of



Shea, Lai, Wright, Immink, and Black (2001), we generated the target movement by
defining the x- and y- coordinates of the start-, end-, and five reversal points. These
were concatenated by segments of sine functions. Thus the target trajectory con-
sisted of six sub-movements, lasting from one reversal point to the next. The se-
quence of (x, y) coordinates was transformed into position-time curves x(t) and y(t)
for a total duration of 5 s. Finally the (discrete) time axis was nonlinearly transformed
by
t(i) = t(i-1) + At* [1+0.5*cos(2*1r*i/n)]

with i=1...n, n as the total number of samples (500) and At = 10 ms. The transforma-
tion served to produce a velocity profile which started with a high acceleration and
appeared rather inharmonious. The resulting movement path (a) and velocity profiles

(b) are shown in Figure 2.
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Fig. 2 Trajectory (a) and velocities (b) of the target movement.

Participants were randomly assigned to three different groups that differed in the
way the movement was demonstrated to them, namely visually, hapticly, and visuo-
hapticly. They were seated in front of the digitizer in a quiet and dimly lit room. They
were instructed to watch the screen and wore earphones via which tones were pre-

sented and which shielded them from distracting auditory stimuli such as the drawing
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noise. After the instructions had been read, a familiarization trial was performed. Dur-
ing this familiarization trial the movement was demonstrated to the participant in the
appropriate mode four times and should be reproduced afterwards four times. During
two of these four reproductions the cursor was visible and during two reproductions
participants performed without any visual feedback. Feedback conditions alternated.

All participants performed 12 trials with 30-s rest periods between them. The
whole experiment took about one hour. Each trial consisted of a demonstration
phase, in which the movement was demonstrated to the participants ten times, and a
recall phase, in which participants reproduced the movement ten times as accurately
as possible. To start each movement, during demonstration as well as during recall,
participants moved the cursor to a start position on the screen, marked by a white
outlined circle of 5 mm diameter. Two seconds after the start position had been
reached, the movement began. Start and end of each movement were indicated by a
tone.

The movements were demonstrated to each participant in one of three demon-
stration modes, depending on the group the participant was assigned to. In the visual
group, participants watched the green filled circle which moved on the target trajec-
tory with the appropriate velocity profile. They did not move their hand and were in-
structed to memorize the exact movement. In contrast, participants in the haptic
group did not see the movement on the screen. As soon as they heard the tone and
the movement began, the cursor disappeared. Instead, the movement was demon-
strated to the participants hapticly by the Phantom device, which guided them while
they faced the monitor. More specifically, there was a force field that drove the tip of
the pen to the correct target position at each point in time. The force was 0.3d N, with
d as the distance in mm of the current position of the tip of the pen from its current

target position (upper limit: 10 N). Participants were instructed to let their hand be
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guided by the robot and to memorize the movement. The visuo-haptic group experi-
enced a combination of the demonstration modes in the visual and haptic groups:
participants were guided by the Phantom and saw the cursor moving on the screen
simultaneously.

The task during the recall phase was the same for all participants: they were re-
quested to reproduce the movement as accurately as possible ten times. For each
reproduction they moved the cursor to the start position. After two seconds the tone
was presented and participants should start their reproduction immediately. When the
cursor did not move more than 0.2 mm for 500 ms, the end of the movement was
detected and a tone was presented. To ensure that the movement was not termi-
nated when the participant started it with a delay, the criterion for the end of the
movement was applied not until two seconds after the start tone. During half of the
reproductions, participants received visual feedback (visuo-haptic recall), i.e., they
saw their movements on the screen, indicated by a green filled marker. In the other
half of the reproductions there was no visual feedback (haptic recall). Participants

were aware that feedback conditions alternated.

Data analysis

Only the reproductions were analyzed. First the position-time curves were low-
pass filtered (fourth-order Butterworth, 5 Hz, dual-pass) and the velocities for the tar-
get and the cursor movement along both dimensions of the plane as well as the re-
sultant velocity were computed (central-difference algorithm). Subsequently, start and
end of the target and the cursor movement were determined. The start of each
movement was defined as the first point where the resultant velocity exceeded 8

mm/s for at least 5 consecutive samples. The end of the movement was defined as
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the point where the resultant velocity exceeded 8 mm/s for the last time, followed by
at least 5 consecutive samples with resultant velocity less than 8 mm/s.

The reversal points of each movement were determined by identifying those x-
positions which exceeded the previous and the following one (in case of maxima) or
where smaller than the previous and the following one (in case of minima). Sub-
movements were defined to last from one reversal to the next one, with start- and
end-positions serving as the first and the last reversal point. Movements with more or
less than seven reversals were excluded from further analysis. In total 2.5 % of all
reproductions with haptic feedback were excluded (visual group: 1.2 %, haptic group:
4.1 %, visuo-haptic group: 2.2 %). Among the reproductions with visuo-haptic feed-
back, 2 % of all movements were excluded (visual group: 1.0 %, haptic group: 2.4 %,
visuo-haptic group: 2.6 %).

For each movement the durations and the amplitudes in the horizontal direction
were computed for all sub-movements. The sums defined total duration and total
amplitude. For each movement, total-duration error was determined as E, a measure

of accuracy that includes both the response bias (constant error) and the variability

(variable error) (see Shea et al. 2001). E was calculated as E =,/(CE* + VE?), with

CE as the constant error (mean total durations minus target durations) and VE as the
variable error (standard deviation of total durations minus target durations).

To assess the accuracy of the profile of the durations of the sub-movements we
adopted a procedure used by Heuer (1984). We treated the durations of the six sub-
movements of each movement as a six-dimensional vector and computed the angle
between this vector and the corresponding vector of the target movement. This an-
gle, the duration-profile error, is zero when the vectors have the same direction, i.e.,
when the participant’s movement has the same duration profile as the target move-

ment. The advantage of this measure is that it is insensitive to errors of total duration.
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The analysis of spatial accuracy was performed in the same way as the analysis
of temporal accuracy. Instead of using the durations of the six sub-movements, we
used the horizontal amplitudes for computing the total-amplitude error and the ampli-
tude-profile error. Thus we had two measures of temporal accuracy and two meas-
ures of spatial accuracy, each time one for the total error and one for the profile error.

Finally, we determined the accuracy of the resultant-velocity profile in terms of the
correlation between the resultant velocity of the participant's movement and the tar-
get resultant velocity (before computation of the correlations the reproductions had
been normalized to the duration of the target movement, and the velocities had been
recalculated from the normalized position-time curves). Besides the total-duration
error and the duration-profile error, the velocity-profile accuracy served as an addi-
tional measure of dynamic accuracy.

Data for the 10 reproductions of each trial were averaged separately for the re-
productions with and without visual feedback. The individual means (except for the
first trial, where seven participants did not produce enough reproductions with the
correct number of reversals) were entered in the statistical analyses. Two-way
ANOVAs were run with demonstration condition (visual vs. haptic vs. visual+haptic)
as between-participant factor and trial and recall condition (visuo-haptic feedback vs.
haptic feedback) as within-participant factors. Greenhouse-Geisser corrections were
applied when appropriate, but the uncorrected degrees of freedom are reported to-
gether with the Greenhouse-Geisser epsilon. Effect sizes are given as partial eta-

squared.
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Results

Dynamic accuracy

Total-duration error. The mean total-duration errors are presented in Figure 3 a. The
three groups did not differ significantly, F(2, 57) = 1.62, p = .21, r;j = .05, even
though the total-duration error was numerically largest after visual demonstrations.
There was no difference between the two recall conditions, F(1, 57) = .63, p = .43,

nj = .01, and performance did not change across trials, F(10, 570) = .95, p = .44, ¢ =

43, nj = .02. When performance during only the last trial was analyzed, a significant

difference between the three demonstration conditions emerged, F(2, 57) = 4.06, p =
.02, nj = .13. A Bonferroni post-hoc-test revealed that only the haptic and the visual
groups differed significantly (p = .02), whereas there was no difference between

these groups and the visuo-haptic group.

Duration-profile error. Regarding the duration-profile error (Figure 3 b), the partici-
pants improved across trials, F(10, 570) = 13.01, p < .01, € = .65, n,f = .19, i.e., the
profiles of the sub-movement durations became more similar to the target profile. The

performance of the participants in the visuo-haptic recall condition was superior to

the performance under the haptic recall condition, resulting in a significant main ef-

fect of the factor recall condition, F(1, 57) = 16.78, p < .01, nf, = .23. Regarding the

three demonstration conditions, the visuo-haptic group showed somewhat superior

performance in the early stage of learning. In the first trial this difference was margin-

ally significant, F(2, 57) = 2.83, p = .07, nf, = .09. However, overall the difference

between groups was not significant, F(2, 57) = 1.14, p = .33, nj = .04. None of the

interactions was statistically significant.
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Fig. 3 Total-duration error (a), duration-profile error (b) and velocity accuracy (c) for the visual (black
triangle), the haptic (white circle) and the visuo-haptic (grey square) group during visuo-haptic (left)
and haptic (right) recall.

Velocity-profile accuracy. The mean correlations between the velocity profiles of the
reproductions and the target movement are presented in Figure 3 c. The groups dif-
fered significantly in that the participants of the visual group had smaller correlations

than the participants of the haptic and the visuo-haptic groups, F(2, 57) = 3.90, p =
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.03, nj = .12. Furthermore, the improvement across trials was significant, F(10, 570)
=7.07,p< .01, ¢ = .57, nﬁ = .11, and so was the somewhat better performance in

the visuo-haptic than in the haptic recall condition, F(1, 57) = 10.81, p < .01, nj =

.16. None of the interactions reached statistical significance.

A more detailed examination of the mean durations of the sub-movements and
the averaged resultant-velocity profiles helps to understand the different findings for
the duration-profile error and the velocity-profile accuracy. As can be seen in Figure 4
a, the differences between the three groups regarding the deviations from the target

durations varied across the six sub-movements.
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Fig. 4 (a): durations of the six movement-intervals for the target movement (black) and the average

movements of the visual (white), the haptic (dark grey) and the visuo-haptic (light grey) group during
the last trial. (b): Target resultant velocity (grey line) and average resultant velocity (black line) for the

visual (top), the haptic (center) and the visuo-haptic (bottom) group during the last trial.

In particular during the first two as well as during the fourth sub-movement par-
ticipants with haptic demonstrations were more accurate than participants with visual

demonstrations. In determining the angle between the vectors with the observed sub-
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movement durations and the target durations each sub-movement has the same
weight. In contrast, the correlation between the resultant velocities is strongly influ-
enced by the large peaks at the beginning and the end of the movement. As can be
seen in Figure 4 b, after visual demonstration the velocity modulation at the start of
the movements deviated more from the target profile than the velocity modulation
after haptic and visuo-haptic demonstration. Thus, the measures differ in their

weighting of dynamic accuracy in different segments of the movements.

Spatial accuracy

Total-amplitude error. The mean total-amplitude errors are shown in Figure 5 a. Per-
formance differed significantly between groups, F(2, 57) = 3.54, p = .04, r/j =.11. A
Bonferroni post-hoc-test revealed that only the visual and the haptic conditions dif-
fered significantly (p = .03). Errors were smaller in the visuo-haptic than in the haptic

recall condition, F(1, 57) = 22.26, p < .01, n,f = .28, and the interaction between re-

call condition and demonstration condition was significant, F(1, 57) = 3.94, p < .02,

nj = .12. Whereas performance of the visual group was clearly superior to the per-

formance of the visuo-haptic group in the visuo-haptic recall condition, in the haptic

recall condition the performance became similar to that of the visuo-haptic group. All
participants improved across trials, F(10, 570) = 7.09, p < .01, € = .45, r)j =.11. The
recall condition x trial interaction was marginally significant, F(10, 570) = 2.01, p =
054, ¢ = .68, 2 =.03.

Amplitude-profile error. Regarding the amplitude-profile errors (Figure 5 b), the

ANOVA revealed a significant main effect of the demonstration condition, F(2, 57) =

5.24, p < .01, nf, = .15. A Bonferroni post-hoc-test showed that only the perform-

ances of the visual and the haptic groups differed significantly (p < .01). After visual
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demonstration the amplitude-profile errors were smaller than after haptic demonstra-

tion. Furthermore errors declined across trials, F(10, 570) = 17.22, p < .01, € = 44,

n; =.28.
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Fig. 5 Total-amplitude error (a) and amplitude-profile error (b) for the visual (black triangle), the haptic
(white circle) and the visuo-haptic (grey square) group during visuo-haptic (left) and haptic (right) re-
call.

The interaction with demonstration condition just failed to reach statistical signifi-
cance, (10, 570) = 1.71, p = .09, r/j = .06. Finally, participants performed better in
the visuo-haptic than in the haptic recall condition, F(1, 57) = 22.42, p < .01, r)j =

.28. Also the interaction between recall and demonstration condition reached statisti-

cal significance, F(1, 57) = 5.88, p < .01, r;j = .17. Basically the visual demonstration
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had stronger advantages as compared with haptic demonstration when visual feed-

back was available during recall than without visual feedback.

Discussion

In this experiment we compared the effects of different demonstration modes on
the reproduction of a spatio-temporal motor pattern. Similar to the study of Feygin et
al. (2002), the movement was demonstrated visually, hapticly or visuo-hapticly. It was
reproduced in two alternating recall conditions, haptic and visuo-haptic. We will first
discuss the differences between the visual and haptic demonstration groups regard-
ing spatial and dynamic accuracy and thereafter move on to the performance of the
combined visuo-haptic demonstration group.

Visual demonstration resulted in superior total-amplitude accuracy as compared
with haptic demonstration. In addition the amplitude-profiles were more accurate in
the visual than in the haptic group, i.e., the relative amplitude pattern was more simi-
lar to the target pattern when the movement was demonstrated visually. All groups
showed learning; their errors declined in the course of practice, but the difference
between the three demonstration conditions was present from the very start and
changed little across trials.

Concerning total-duration error, there was only a tendency that haptic demonstra-
tion resulted in better performance than visual demonstration at the end of practice.
Thus hapticly trained participants became more accurate in keeping the overall dura-
tion of five seconds. Performance did not change significantly across trials. For the
duration-profile error, participants improved in the course of practice, but there was
no difference between the three groups. Finally, the correlation between the velocity
profiles of the reproductions and the target movement was significantly higher for the

haptic than for the visual group. This difference mainly arose from the differences in
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the early part of the movements (see Figure 4). The target movement started with a
strong acceleration, which was learned more accurately with the haptic than with the
visual demonstration mode. The correlations increased throughout training which
indicates learning.

The combined visual and haptic demonstration did not provide any significant fur-
ther benefit for the spatial and temporal learning. The accuracy of the reproductions
of this group was generally in-between the performance levels of the visual and the
haptic group or similar to the superior group. The absence of a general improvement
by combining visual and haptic demonstration is in accordance with the results of
Feygin et al. (2002) and Liu et al. (2006). These authors argue that additional haptic
training does not provide further benefit for the learning of spatial features since vi-
sion is more accurate for spatial characteristics. The same might be true for proprio-
ception, which seems to be more accurate for dynamic movement features. Thus,
combined training does not provide significant further benefit. The finding that the
very small benefit of a combined demonstration in comparison to a haptic only train-
ing, if any, is present at a very early stage of learning corresponds in general to the
finding by Grindlay (2008), who combined haptic and auditory training. However, the
reasons for this slight and perhaps unreliable advantage are not clear.

Except for the learning of the total duration of the movement, added visual infor-
mation during recall improved the learning of dynamic and spatial characteristics in
all three groups. The interactions between recall and demonstration condition regard-
ing the spatial aspects suggest that the visual group profited most from added visual
feedback during recall. This is in accordance with our assumption that vision during
recall particularly helps the visually trained participants in that they can reproduce the
visual pattern on the screen. But different from the study of Feygin et al. (2002), also

hapticly trained participants benefited from added vision during recall as well. This
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indicates that visual feedback can provide further information about both, time and
space, independent of the way the movement was demonstrated to the participants.

Altogether, the results confirm the hypothesis that visual demonstration is supe-
rior for the learning of spatial movement characteristics, whereas haptic demonstra-
tion is beneficial for the learning of dynamic movement characteristics. These find-
ings are consistent with those of previous studies on motor learning (e.g. Feygin et
al. 2002; Grindlay 2008; Reinkensmeyer et al. 2007) and with observations on the
perception and memory of visual, auditory, and haptic information. For example, Ma-
har, MacKenzie, and McNicol (1994) concluded that the senses of hearing and touch
differ from vision with respect to the specialization for the processing of temporally
versus spatially ordered patterns. Regarding motor learning in more general terms,
different effects of different training methods should be related to distinct processes
of motor control and their neural substrates. From this perspective the present find-
ings are in line with the notion of separate control of spatial and temporal movement
characteristics, perhaps involving different neural substrates (cf. Georgopoulos
2002).

Finally two possible caveats against our conclusion should be mentioned. First,
the visual and haptic demonstration differed with respect to the plane of motion. In
the haptic condition the movement was demonstrated in the horizontal plane,
whereas in the visual condition the movement was demonstrated on the screen, thus
in the vertical plane. All reproductions were performed in the horizontal plane. How-
ever, it seems highly unlikely that the use of different planes of demonstration and
reproduction should have facilitated the learning of spatial characteristics, but the use
of the same plane the learning of temporal characteristics. Second, in this experiment
as well as in most of the previous studies (e.g. Feygin et al. 2002; Liu et al. 2006;

Grindlay et al. 2008) only short-term learning was investigated. Thus an important
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question for further studies is if the different effects of visual and haptic demonstra-
tion on spatial and dynamic performance can still be found after a longer delay, for
example overnight.

As a broad implication for movement training, we can maintain that robotic guid-
ance is beneficial for learning those characteristics of a movement that are hard to
demonstrate visually, and these are dynamic characteristics in particular. This is true
in the short run, and it may also be true in the long run, though this is not yet estab-
lished. Different from previous observations, the results further suggest that adding
vision during recall might always lead to further performance improvement, inde-

pendent of the demonstration modality.
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