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Abstract

Old age is associated with reduced mobility of the hand. To investigate age related decline when reaching-to-lift an
object we used sophisticated kinematic apparatus to record reaches carried out by healthy older and younger
participants. Three objects of different widths were placed at three different distances, with objects having either a
high or low friction surface (i.e. rough or slippery). Older participants showed quantitative differences to their younger
counterparts – movements were slower and peak speed did not scale with object distance. There were also
qualitative differences with older adults showing a greater propensity to stop the hand and adjust finger position
before lifting objects. The older participants particularly struggled to lift wide slippery objects, apparently due to an
inability to manipulate their grasp to provide the level of precision necessary to functionally enclose the object. These
data shed light on the nature of age related changes in reaching-to-grasp movements and establish a powerful
technique for exploring how different product designs will impact on prehensile behavior.
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Introduction

Reaching-to-grasp-and-lift an object underpins many
activities of daily living. There has been little systematic study
of this behavior in older adults. This is deeply disappointing as
many older adults have problems safely grasping objects and
an increased understanding of the underlying difficulties might
allow the manufacture of objects better suited to older hands.
Reaching-and-grasping an object is integral to many ‘Activities
of Daily Living’ [1,2]. Conditions such as stroke and arthritis
have an obvious impact on grasping but even healthy aging
reduces hand function and this can limit independence [3,4].
Grip strength declines with age [5–7] though older adults often
apply greater force to grasp an object [8]. These findings raise
questions regarding the movements generated by older adults
as they reach to grasp objects – i.e. before the point at which
forces are applied to objects.

The pre-contact phase of reaching-to-grasp involves two
important actions: targeting (positioning the fingertips in the
right place to grasp the object [9]) and collision avoidance
(ensuring that the fingers do not knock the object over while
being positioned [10]). The precise configuration of the reach-

to-grasp behaviour is tailored to the object: larger objects elicit
palmar grasps and smaller objects produce precision grips [11].
The precision grip [11] describes grasping an object between
forefinger and thumb and is central to many activities of daily
living (e.g. picking up a pen). Reaching-to-grasp with a
precision grip shows stereotypical patterns in young
neurologically intact adults. The hand accelerates to a peak
speed, with the forefinger and thumb separating to create a
‘grip aperture’. Peak speed is scaled to the distance of the
object, with higher peak speed associated with further objects.
The hand then decelerates as it approaches the object at which
point the grip aperture reaches its maximum and begins to
close. Maximum grip aperture is generally scaled to object size,
such that it is always slightly larger than the object itself
(allowing the fingers to close around the object rather than
colliding with it), and tends to occur later in the movement for
larger objects [12–15]. Mon-Williams and Bingham [16] showed
that the physical properties of an object influence the
qualitative spatial structure of reach-to-grasp motions and
identified two distinct strategies to grasp an object: a ‘stop’
motion, where the hand reaches the object then pauses to
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position the fingers; and a ‘fly-through’ movement where the
hand reaches and grasps the object without a pause.

Flatters et al. [17], investigated the strategies identified by
Mon-Williams and Bingham [16] in order to explore the effect of
object texture on reach-to-grasp behaviour. In the Flatters et al.
[17], study, participants reached-to-grasp objects with three
different surface textures. Texture was manipulated because
different coefficients of friction alter the safety margins of
reach-to-grasp tasks. Manually securing an object requires the
frictional force to be greater than the tangential component of
object weight at the interface between the digits and the object
[17]. A curved grasp surface results in a ‘cone of friction’
specifying the spatial zone in which the digits must apply force
for a stable grasp. A decrease in the coefficient of friction
causes a reduction in the size of the zone. Thus, lower friction
surfaces decrease the safety margins of the task. It should also
be noted that increasing the width of the object decreases the
safety margins because of the anatomical limit of how wide the
hand can open (the maximum grip aperture [16]). In line with
this analysis of task constraints, Flatters et al. [17], showed that
a low friction (slippery) surface almost inevitably caused
participants to stop their hand moving forward before an object
was secured between the index finger and the thumb and then
lifted from the tabletop. In other words, the proportion of fly
through movements was reduced when the coefficient of
friction decreased. Likewise, Mon-Williams and Bingham [16]
found that increasing the width of the objects caused a
decrease in the proportion of fly through movements. Flatters
et al. [17], found that width and friction coefficient interacted
such that the wider the object the more difficult it is to grasp as
the coefficient of friction decreased.

Mon-Williams and Bingham [16] related the safety margins of
the reach-to-grasp task to hand size. This relationship was
derived within the theoretical framework of ‘affordance
perception’ [18]. Affordances can be defined as are
dispositional properties that relate the perspective of the
relevant action to the corresponding properties of the actor
[19]. Mon-Williams and Bingham [16] argued that the relevant
property of the actor in a reach-to-grasp task is the opposition
axis or vector. Iberall et al. [20], introduced the ‘opposition axis’
as a unit of analysis for reach-to-grasp actions. The axis
extends between the opposing thumb and finger(s) and is
placed through an object relative to the object’s centre of mass
to yield stable grasping. Van Bergen et al. [21], refined the
concept of the ‘opposition axis’ and suggested it should be
conceptualised as an ‘opposition vector’. The maximum
magnitude of the opposition vector is a function of hand size
which is why Mon-Williams and Bingham [16] related this factor
to the task safety margins. But whilst hand anatomy sets an
absolute limit on the maximum magnitude, maximum grasp
aperture is not a simple function of hand size. Maximum grasp
aperture is additionally a function of the extent to which an
individual has the ability to use their anatomical span to
position their digits to obtain a stable grasp. Thus, a reduction
in joint flexibility (for example) will decrease the available range
of positional adjustments and thereby diminish the safety
margins when grasping a given object.

The preceding consideration suggests that the safety
margins of the task will be related to factors such as the
flexibility of the finger joints. The present study compares the
reach-to-grasp actions of older participants with those of
younger participants. We hypothesised that physiological
alterations in the hand associated with older age (reduced joint
flexibility) would produce changes in reach-to-grasp
movements. Standard kinematic measures were taken while
object size, object position and object texture were varied. We
were particularly interested in the impact of a rougher (higher
friction) texture since this object property could be used to
improve the design of objects so that they are better suited to
an older population (as determined on the basis of empirical
measures).

Methods

Two groups of twelve unpaid participants were recruited, an
older group (9 female; age mean 73.5 years, age range 62.1–
84.0 years; 11 reported right hand preference) and a younger
group (7 female; age mean 27.7 years, age range 20.5–47.1
years; 11 reported right hand preference). The older adults
were active members in the Yorkshire and Humber region of
the University of the Third Age. As such the participants were
physically active, indepently living and in continuing education.
All participants had normal or corrected-to-normal vision and
no history of neurological deficit. Maximum pinch grip aperture
was measured for each participant (for the older group, mean
14.6 cm, range 13.1–16.5 cm; for the younger group, mean
15.8 cm, range 13.0–21.0 cm). All participants provided written
informed consent prior to inclusion in the study. The study was
approved by the University of Leeds IPS ethics committee and
was performed in accordance with the ethical standards laid
down in the Declaration of Helsinki.

Participants were asked which hand was their preferred hand
(indexed by hand used for writing and throwing a ball). With
their preferred hand, participants were asked to reach-grasp-
and-lift specially manufactured objects: plastic (black nylon)
cylinders (25.4mm diameter) mounted on wooden blocks (the
size of the mounting block was proportional to the cylinder
length). The ends of each plastic cylinder were machined to a
25mm radius. Participants grasped the curved end faces of the
cylinder between the thumb and index finger thus the three
lengths of the cylinder (5, 7 and 9 cm) represented the narrow,
medium and wide stimulus “widths” respectively. For each of
the three stimulus widths, there were two different finishes
applied to the grasp surfaces such that two distinct coefficients
of friction would be generated: High (μH), and Low (μL). The
high-friction surface (μH) was generated by sticking coarse-
grade sandpaper (Aluminium Oxide, P50) to the grasp
surfaces. The low-friction condition (μL) was achieved through
the application of petroleum jelly (Vaseline®, Unilever) with a
soft-bristled brush to the participants’ fingertips and the grasp
surfaces of the stimulus between trials of this condition
(application was repeated on alternate trials).

To ensure a consistent starting position the participants
pinched a raised origin marker positioned 10 cm from the front
edge of the study table prior to the start of each trial. The
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objects were placed at distances of 10, 30 and 50 cm beyond
the origin point in line with the midline of the participant.
Participants were instructed to reach and grasp the object as
quickly and as accurately as possible between the pads of the
forefinger and thumb, lift the stimulus from the table and hold it
in a static raised position until told to lower the object to the
table and return to the start position in preparation for the next
trial.

The factors of object width and distance were altered in a
pseudo-randomised order. Trials were blocked and
counterbalanced on the factor of surface friction coefficient.
The three object widths, three object distances and two
coefficients of friction represented 18 conditions, each of which
was repeated 10 times resulting in a total of 180 trials. The test
session typically lasted 45 minutes. Trial repetition criteria
included: (i) failure to grip the stimuli on the instructed surface;
(ii) inability to achieve stable, static grip of the stimuli; (iii)
knocking the stimuli over (iv) dropping the object prior to, or
shortly after the verbal return command. Following failure of a
trial, the condition under which failure occurred was recorded
and the participant returned to the origin and repeated the test.
For multiple trial failures, this was repeated until 10 trials for
each condition were complete. The degree of handedness was
not included in the analysis.

Kinematic data acquisition was performed using an Optotrak
3020 motion tracking system (Northern Digital, Ontario,
Canada). The positions of four Infra Red Emitting Diodes
(IREDs) were acquired at 100Hz for four seconds for the μH

and for five seconds on the μL conditions (because the reduced
friction surface took longer to pick up). The first two markers
were attached to the reaching hand at the index finger (distal
medial corner of the finger) and the thumb (distal lateral corner
of the thumb). These markers were used to measure grip
aperture. The third marker was placed on the styloid process of
the wrist to provide an independent measure of hand
movement. A fourth marker was placed on the wooden block of
the stimulus to identify when the object was lifted off the
tabletop. All data were filtered using a dual-pass Butterworth
second order filter with a cut-off frequency of 16Hz (equivalent
to a fourth order zero phase lag filter of 10Hz). The speed of
the wrist IRED and the aperture was computed and the onset
and offset of movement was estimated using a standard
algorithm (threshold for movement onset and offset was 5 cm/s
as per Munro, Plumb, Wilson, Williams and Mon-Williams [22]).
Custom analysis routines were used to compute the dependent
variables of interest in this study (Figure 1). A wrist marker
velocity raising above and falling below 5 cm/s was used as the
threshold speed defining the onset and offset of movements
respectively. Similarly, the criterion for onset and termination of
the grasp closure was when relative finger speed (aperture
open/closure rate) dropped above and below 5 cm/s
respectively. The object’s ‘time-to-lift’ was designated at the
point when the fourth IRED’s velocity exceeded 5 cm/s. We
designated movements as ‘stop’ when the wrist stopped
moving prior to movement of the object and ‘fly through’ when
wrist movement stopped after the object was lifted (see Figure
1). In stop trials we calculated the ‘dwell time’ which was
defined as the temporal difference between the wrist stopping

forward movement and the object being lifted. Movement time
was defined as the duration between the onset of wrist
movement and the onset of the object moving. Time to peak
speed (tPS) was defined as the elapsed time in the pre-contact
movement from the wrist reaching threshold speed and the
time taken to reach peak speed. To ensure that any age
differences in tPS were not purely a function of movement
duration, tPS was normalised against movement duration to
obtain normalised time to Peak Speed (ntPS) calculated as the
ratio of total pre-contact movement time to time to peak speed.

All participants managed to grasp-and-lift the objects with the
high friction coefficients most of the time (mean failure across
both groups and all widths for the high friction coefficient was
0.1%). In contrast, the low friction condition caused greater
difficulties and the percentage of failed trials varied as a
function of condition and group (Figure 2a) so we explored this
statistically. Because we had no complete kinematic data for
failed trails, we restricted our kinematic comparisons between
the groups to the high friction condition. Comparisons were
made on six kinematic measures: peak speed; time to peak
speed; maximum grip aperture; proportion of ‘stop’ movements;
dwell time; and movement time. The average value (across
trials) was calculated for each participant for each condition,
and a separate mixed ANOVA (distance (3) x object width (3) x
age (2)) was carried out on each kinematic measure. Partial
eta squared (ηp

2) values are reported for statistically significant
findings. The data were tested for violations of sphericity and,
where the assumption of sphericity was not met, Greenhouse-
Geisser corrections of epsilon (ε) were applied to the degrees
of freedom.

Results

Low Friction objects: Proportion of Trial Failures
The number of dropped slippery objects was calculated as a

percentage of the maximum allowed drops before the condition
was abandoned (max. 15 attempts). There was a significant
object width x age interaction (F(2,44) = 13.930, p < 0.01, ε =
0.537, ηp

2 = 0.388; Figure 2a) with the wide slippery object
causing the older adults disproportionate difficulty. There were
no other interactions.

High Friction objects: Movement Time (MT)
There was a significant main effect of distance (F(2,44) =

114.19, p < 0.001, ε = 0.663, ηp
2 = 0.838) (Figure 2b), and a

significant main effect of object width (F(2,44) = 7.146, p <
0.01, ηp

2 = 0.245). There was a significant effect of age (F(1,22)
= 25.48, p < 0.001, ηp

2 = 0.537) with increased MT for older
people, but no significant interactions.

High Friction objects: Proportion of ‘stop’ movements
and dwell time

A higher proportion of reaches made by older adults stopped
moving prior to lifting compared to the young (F(1,22) = 13.025,
p < 0.01, ηp

2 = 0.372; Figure 2d), but this did not change across
distance (F(2,42) = 0.77, p = 0.43, ε = 0.76) or width (F(2,42) =
1.18, p = 0.32). For those reaches that did stop, there was no
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effect on dwell time of age, distance or object width. There was
an age x width interaction (F(2,34) = 4.096, p < 0.05, ε = 0.714;
Figure 2c) which reflects older adults taking longer to adjust
hand position around wider objects.

High Friction objects: Maximum Grip Aperture (MGA)
There was an interaction between object width and

participant age on maximum grip aperture (F(2,44) = 3.88, p <
0.05, ηp

2 = 0.15; Figure 2e). Inspection of the results showed
that the interaction was driven by all participants scaling their
grasp aperture to the object widths but the younger participants
showing a larger MGA for the narrow object. This can be
explained by the faster approach speed of the younger
participants requiring a greater safety margin (provided by a
larger aperture). There was also an interaction between object
width and reach distance on maximum grip aperture; (F(4,88) =
3.22, p < 0.05, ηp

2 = 0.128). This was caused by a decreased

aperture for the narrow objects when positioned further away
but no effect of distance with the wider objects. The combined
effects described between width and distance and width and
age combined to produce a three way interaction (F(4,88) =
5.72, p < 0.01, ηp

2 = 0.206).

High Friction objects: Peak Speed (PS) and normalised
time to Peak Speed (ntPS)

Peak speed (PS) showed a significant object distance × age
interaction that reflects the reduced scaling of movement speed
by older adults to more distant objects (F(2,42) = 6.969, p <
0.01, ηp

2 = 0.574; Figure 2f). There was a significant interaction
between object width and age (F(2,44) = 3.996, p < 0.05, ηp

2 =
0.154; Figure 2g). While there were no systematic differences
between PS across object widths, the young reduced PS
slightly for medium width objects, whereas older adults

Figure 1.  Kinematic profiles for stop and ‘on-the-fly’ prehension movements.  Upper A velocity profile typical of a stop
movement: 1, the hand is in the transport phase with the wrist IRED reaching peak velocity. 2, as the hand and fingers approach the
object the hand velocity drops below the threshold velocity (Vth) and remains below threshold velocity or stops for a period (TDW). 3,
upon successful application of the grip, both the wrist and object markers move in unison as part of a second distinct movement. 4,
movement complete – hand and object velocity tends to zero. Time to Peak Speed (tPS) is defined as the time between the wrist
marker moving above Vth and achieving peak speed. Movement time is defined as the time elapsed between the wrist marker
achieving Vth and the object marker achieving Vth, here represented in the stop movement scenario. Lower A velocity profile typical
of a ‘fly-through’ movement: 1, the hand is in transport phase toward the object. 2, as the fingers contact the object, the wrist IRED
velocity is maintained above the threshold velocity (Vth) as the object is gripped. 3, the hand and object continue to move in unison
while the wrist IRED velocity remains above the threshold velocity. 4, movement complete, hand and object velocity tends to zero.
Movement time is defined as the time elapsed between the wrist marker achieving Vth and the object marker achieving Vth, here
represented in the fly-through movement scenario.
doi: 10.1371/journal.pone.0069040.g001
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Figure 2.  Kinematic measures for two age groups grasping objects of varied texture.  Comparisons of kinematic measures
where key significant differences were found between older and younger groups as a function of object width (left panel) and object
distance (right panel).
doi: 10.1371/journal.pone.0069040.g002
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increased PS for medium width objects. There was no
significant three way interaction.

We examined the time at which peak speed occurred during
the reach movement. There was a significant interaction
between distance and age (F(2,44) = 6.069, p < 0.05, ε =
0.639, ηp

2 = 0.216; Figure 2h). Younger adults reached peak
speed much later in the movement (approximately half way
through the movement). They also scaled their movements so
that peak speed occurred earlier for further distances, in
contrast to older adults who kept ntPS similar across object
distance. There was no significant main effect of object width or
other interactions.

Discussion

Older adults showed particular difficulties when reaching-to-
grasp and lift wide slippery objects. The older participants were
high functioning individuals (e.g. emeritus professors) who
appeared to have no physical ailments (including arthritis) and
no impairments in excess of ‘normal’ age related changes.
Thus, our results show that reaching-to-grasp objects poses a
major challenge to even the healthy and ‘successfully aging’
proportion of the older population. The difficulties observed in
these adults are likely to be greater in older adults with arthritis
or neurological deficits (e.g. stroke, Parkinson’s disease etc).
The centrality of prehensile behavior to many activities of daily
living suggests that a priority area within human factors
research should be to understand how objects can be
engineered to make them easier to handle for older adults. In
our experiment, the failure to lift the objects had no practical
consequences. In contrast, an object slipping out of the hand
can have disastrous consequences outside the laboratory (e.g.
dropping a pan after a handle has become greasy). It follows
that our findings raise major issues relating to safety for older
adults.

A kinematic investigation of the reach-to-grasp movements
to high friction objects (movements which were generally
successful) revealed both quantitative and qualitative changes
as a function of age. The older group generally adopted a more
cautious strategy, using slower movements, with peak speed
reaching a maximum earlier in the movement and so a longer
deceleration phase before grasping the object. The older
participants also exhibited fewer “fly-through” movements,
consistent with cautious grasping. Most notably, the older
group showed less evidence of tailoring their reach and grasp
to object distance and width than the younger group. The older
adults showed little change in time to peak speed for different
stimuli distances, whereas the young scaled their movements
appropriately.

Significantly, the older group had far greater problems than
the younger group with picking up the widest object in the low
friction condition. Our findings seem best explained by a simple
lack of an ability to adjust finger position precisely in older
individuals. The rough objects provided a large effective zone

for stable grasping whereas the slippery objects required
precise positioning of the digits in the centre of the grasping
surface [17]. Notably these results could not be predicted by a
simple anatomical examination of the hand (i.e. simply
measuring maximum grip aperture) – rather it was a functional
inability to enclose the object that caused the behavioural
difficulties.

The findings from the present experiment fit well within the
theoretical framework of ‘affordance perception’ outlined in the
introduction. An analysis of reach-to-grasp movements shows
that collision avoidance is a central component of the task [10].
Successful grasping (i.e. grasping without knocking an object
over) requires that the aperture between the finger(s) and
thumb be opened wide enough to avoid hitting the object
before the digits can enclose the object. In the current
experiments we anticipated that the safety margins would be
scaled to the relevant body dimension and we hypothesised
that the maximum functional grasp span would be the relevant
body dimension as this determines the available safety margin.
Nevertheless, functional action adaptations to task constraints
are well documented [23] and other task variations are known
to alter the structure of reaches-to-grasp [24]. For example,
increasing the speed of the reach will cause greater variability
of the sizing, positioning and/or orienting of the opposition axis.
It follows that decreasing the speed of the reaches can
compensate for lower safety margins created by a reduced
maximum functional grasp span. This might explain why the
older participants showed slower reach-to-grasp movements -
a behavioural change consistent with reports that older adults
make strategic compensations in order to achieve success
within a visual-motor task [25].

The most parsimonious explanation for our findings is
reduced positioning control in the hand of the older adults.
Nevertheless, other motor and cognitive factors might have
contributed towards the difficulties the older adults experienced
when trying to grasp and lift the slippery objects [26,27]. More
research is required to document the changes that occur in the
hand as a function of age but an important implication of our
findings is that performance cannot be predicted simply from
anatomical measurements. Identifying the limits to reaching-to-
grasp requires an examination of success or failure in
functional tasks. The present study suggests that kinematic
measures can provide a powerful tool for the purpose of
examining performance in functional tasks and thereby
evaluate how different product designs can support safer
grasping in older adults.
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