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Abstract

Age-related changes in proprioception are known to affect postural stability, yet the extent to 

which such changes affect the finger joints is poorly understood despite the importance of finger 

proprioception in the control of skilled hand movement. We quantified age-related changes in 

finger proprioception in 37 healthy young, middle-aged, and older adults using two robot-based 

tasks wherein participants’ index and middle fingers were moved by an exoskeletal robot. The first 

task assessed finger position sense by asking participants to indicate when their index and middle 

fingers were directly overlapped during a passive crisscross movement; the second task assessed 

finger movement detection by asking participants to indicate the onset of passive finger movement. 

When these tasks were completed without vision, finger position sense errors were 48% larger 

in older adults compared to young participants (p < 0.05); proprioceptive reaction time was 78% 

longer in older adults compared to young adults (p < 0.01). When visual feedback was provided 

in addition to proprioception, these age-related differences were no longer apparent. No difference 

between dominant and non-dominant hand performance was found for either proprioception task. 

These findings demonstrate that finger proprioception is impaired in older adults and visual 

feedback can be used to compensate for this deficit. The findings also support the feasibility and 

utility of the FINGER robot as a sensitive tool for detecting age-related decline in proprioception.
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Introduction

Proprioception, the sense of how our bodies are positioned, is a critical component 

of voluntary movement control and is important for generating smooth, coordinated 

movements and for maintaining upright posture and balance (Gandevia et al. 2002). Muscle 

spindles (Proske et al. 2000; Proske 2006), cutaneous receptors (Collins et al. 2005), and 

joint mechanoreceptors (Edin 1990; Edin 2001) provide proprioceptive feedback to the 

central nervous system that is essential for determining the position of distal body segments 

(Cordo et al. 2011). Not surprisingly, functionally deafferented individuals suffer profound 

disturbances in arm and hand function (Rothwell et al. 1982; Sainburg et al. 1993), postural 

control (Messier et al. 2003), and locomotion (Lajoie et al. 1996).

A number of investigations have provided evidence that proprioception is affected by 

healthy aging and have focused on the ability of older individuals to detect passive motion 

or reproduce experimentally pre-determined joint positions in the lower limb (Skinner et 

al. 1984; Pai et al. 1997; Petrella et al. 2014). It has also been well documented that these 

changes in lower extremity proprioception contribute to the decreases in postural stability 

often associated with healthy aging (Berg 1989; Goble et al. 2009a). Collectively, these 

data have been taken as evidence of compromised proprioceptive acuity that is thought to 

contribute to age-related postural instability (Woollacott et al. 1986), which lends to an 

increased risk of falls in older adults (Sorock and Labiner 1992; Lord et al. 1999).

Evidence also exists that upper limb static position sense is impaired in older adults, as 

demonstrated by an object-based spherical hand grasp-matching task (Kalisch et al. 2012) 

and by limb position reproduction tasks about the elbow (Adamo et al. 2007; Herter et al. 

2014) and wrist (Adamo et al. 2009). Additionally, passive movement detection thresholds 

about the wrist joint are up to twice as high in older compared to young healthy participants 

(Wright et al. 2012). However, little is known regarding the effect of age on proprioception 

the finger joints, despite the importance of proprioceptive feedback for coordinated hand and 

arm control that is of critical use in activities of daily living and in maintaining functional 

independence (Dukelow et al. 2010; Dukelow et al. 2012). This age-related decline in joint 

position sense acuity needs further characterization, including direct measurement of finger 

joint proprioception.

To our knowledge, there are only a few tests designed to assess position sense in finger 

joints (Ferrell et al. 1992; Wycherley et al. 2005; Kalisch et al. 2012). Clinical assessments 

of proprioception are commonly based on discriminating the upward or downward position 

of a passively moved finger (Lincoln et al. 1991; Winward et al. 1999). While traditional 

evaluations of sensory function often include proprioceptive tasks (Winward et al. 1999) and 

have proven useful in evaluating the condition of patients with stroke (Carey and Matyas 

2011) and other impairments, these assessments are frequently insensitive, unreliable, 

subjective, and found to lack standardization (Lincoln et al. 1991; Connell and Tyson 2012). 

Ingemanson et al. Page 2

Exp Brain Res. Author manuscript; available in PMC 2022 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In contrast, robotic assessments are quantitative, sensitive, and can detect motor and sensory 

deficits in patients who receive normal scores on traditional clinical assessment measures 

(Reinkensmeyer and Boninger 2012; Debert et al. 2012; Simo et al. 2014). For example, 

KINARM is a device that measures and perturbs shoulder and elbow joint positions and has 

provided reliable quantitative assessments of deficits in limb position sense for patients with 

stroke and traumatic brain injury (Scott 1999; Dukelow et al. 2010; Dukelow et al. 2012; 

Herter et al. 2014). The largest study to date that assessed systematic aging-related declines 

in position sense with robotics used the robot to move one arm passively to a location 

in space, then asked the participant to match the location of the arm (Herter et al. 2014). 

Several age-related declines in shoulder and elbow proprioception were identified, including 

variability and absolute error. Extending the use of robotics to assessing proprioception in 

healthy individuals can improve understanding of the effects of healthy aging on human 

proprioception and dexterity.

In this study we examined finger proprioception in healthy participants through the 

use of a novel exoskeleton robot called FINGER. FINGER is capable of individually 

assisting both the index and middle fingers through a natural grasping motion (Taheri 

et al. 2014). Each finger is individually guided by an 8-bar mechanism that controls 

the orientation and position of the proximal phalanx and the position of the middle 

phalanx, thus providing a naturalistic curling motion around the metacarpophalangeal 

(MCP) and proximal interphalangeal (PIP) joints (Fig. 1). We designed a novel finger 

proprioception task, as well as a second task that mimics current neurological practice, 

and used them to assess young, middle-aged, and older adults. We hypothesized that older 

participants would generate larger errors in the passive finger position sense test and have 

delayed proprioceptive reaction times compared to younger participants. Additionally, we 

hypothesized that adding visual feedback of the hand being tested during these tasks 

would help participants to compensate for any proprioception errors. As a secondary aim, 

we also compared the two proprioception tasks across each participant’s dominant and 

non-dominant finger joints to determine if a relative hand advantage for proprioceptive 

processing was present.

Methods

Participants

Healthy participants, aged 22-87 years were recruited. Exclusion criteria included any 

history of hand injury (such as wrist, hand, or finger fractures or the presence of surgical 

hardware) or pathology (such as diabetes, stroke, or arthritis). Handedness was determined 

using the Edinburgh Handedness Inventory (Oldfield 1971). The local ethics committee 

approved this study and written informed consent was obtained from each participant prior 

to participating, following procedures established by the University of California Irvine 

Institutional Review Board.

Experimental design with FINGER

The experiment took place across a single session and involved use of the exoskeleton 

rehabilitation robot, FINGER (Fig. 1, Taheri et al. 2014). FINGER is capable of individually 
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moving both the index and middle fingers through a natural grasping motion. Each finger 

can be individually guided by an 8-bar mechanism that controls the orientation and position 

of the proximal phalanx and the position of the middle phalanx. Each 8-bar mechanism has a 

single degree-of-freedom and is actuated by a high bandwidth and low-friction linear electric 

actuator. In designing FINGER, a regression analysis was used to determine the angular 

relationship between the middle and proximal phalanges for 7 healthy motion capture 

participants, using a second-order polynomial equation (Taheri et al. 2014, Fig. 2). As the 

relationship between the proximal interphalangeal (PIP) and metacarpophalangeal (MCP) 

joints has been quantified and movement of these joints is highly correlated, for simplicity 

we reference error with regard to the MCP joint. However, position sense assessments 

reported here are thought to derive from both the PIP and MCP.

In this experiment, we used the FINGER robot to actively move the participant’s passive 

index and middle fingers through a crisscross motion (Fig. 2). All movements followed 

minimum jerk trajectories calculated to take the desired finger from its starting point to its 

target point over the course of 5 seconds, with fingers moving at a MCP angular velocity 

of 0.24 radians per second. For all crisscrossing movements, FINGER moved participants’ 

index and middle fingers in opposing directions and always came to pause with the fingers 

separated by 30% of the natural range of motion (ROM) for these two fingers. Thus, at only 

one point in time during each crisscross movement were the participants’ index and middle 

fingers directly aligned. The rate of change of the separation distance between the fingers 

was identical for all crisscrossing movements (Fig. 2). However, the position in space where 

the fingers were directly aligned varied for each crisscross movement. In order to achieve 

this, FINGER alternated between symmetric and asymmetric finger movement paths (Fig. 

2). During symmetric movements, the index and middle fingers made mirrored movements 

through 30% ROM; during asymmetric movement paths, one finger moved through a 

larger range than the other to create different finger velocity profiles. The magnitude of 

asymmetry varied between 10-70% ROM before fingers came to rest separated at 30% 

ROM, with the various asymmetric movement paths presented in a pseudo-randomized 

order. A pause time with duration pseudo-randomized to be between 0-3 seconds followed 

each crisscrossing movement in order to generate crisscross finger motions that were non-

periodic and therefore unpredictable to participants through use of timing strategies.

Two proprioception tasks were performed using the same robot-controlled finger motions 

generated by FINGER: a finger overlap task and a movement onset task. For each task, a 

total of 12 crossover movements occurred over approximately 2 minutes. Participants first 

performed the finger overlap task, then each was assessed to confirm that they understood 

the overlap task, and then they performed the movement detection task on either their 

dominant or non-dominant hand. All experimental procedures were then repeated with 

their other hand. The order of hand testing was counter-balanced across participants. The 

timing sequence of each finger movement and each rest period was identical within and 

across participants. All participants wore noise-canceling headphones throughout testing to 

neutralize any sound emitted from FINGER.
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Passive finger position sense: Overlap task

Passive finger position sense was measured with a finger overlap task. During the overlap 

task, all participants were properly fitted into FINGER and asked to relax their hand. Test 

trials were repeated if any evidence of active movement was observed. Participants were 

instructed to press the spacebar on a keyboard with their free hand when they perceived 

their index and middle fingers from their test hand were directly overlapped on top of one 

another. Participants completed the overlap task under two different feedback conditions: 

first with visual access to their hand and then with vision occluded. Error was defined as 

the amount of finger separation, measured in degrees about the MCP, that existed when the 

participant indicated they felt their index and middle fingers were directly overlapped. Error 

included angles with both negative and positive degrees, as responses occurred both before 

and after fingers were directly overlapped (0°). However, unless otherwise stated all analyses 

report group errors as averages of absolute errors.

Following completion of the overlap task, participants completed an assessment to evaluate 

their comprehension of the overlap task. Participants who were able to describe the 

desired finger position when they tapped the spacebar using specific keywords (such as 

“overlapped”, “aligned”, and “in parallel”) were deemed cognitively aware and compliant 

of the overlap task instructions. This assessment also had participants indicate if they could 

feel their fingers 1) start moving, 2) stop moving, or 3) cross over during the overlap task. 

These three questions referenced the index and middle fingers separately and were answered 

yes/no. The entire assessment was completed for both the dominant and non-dominant 

hands, directly after concluding the overlap task with vision occluded for each hand.

Passive movement detection: Movement onset task

Passive movement detection was measured with a movement onset task. During passive 

movement detection testing, which was a form of reaction time test, participants were 

instructed to press the spacebar on a keyboard with their free hand when they first perceived 

any passive movement in their fingers. Participants completed the movement onset task 

under two different feedback conditions: first with visual access to their hand and then with 

vision occluded. Performance was quantified as the amount of time delay, in milliseconds 

(ms), between the onset of robot initiated finger movement and the moment the participant 

pressed the spacebar to indicate perceived motion.

Statistical analysis

Statistical analyses were conducted using JMP 11 software, were 2-tailed, and used α=0.05. 

Normally distributed data and data that could be transformed to a normal distribution were 

analyzed using parametric statistics, otherwise non-parametric statistics were used.

Participant performance on the overlap task and on the movement onset task was analyzed 

separately. Initial analyses examined the effect of age on finger proprioceptive ability. 

An omnibus mixed effect model, with participants as a random effect and age group 

category as a fixed effect, was performed to assess the main effect of age on each of the 

proprioception tasks. The main effects of visual feedback condition and hand dominance 

were also evaluated to elucidate any differences between the three age groups according 
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to hand dominance and according to the presence or absence of visual feedback. Post hoc 

analyses were performed using Fisher’s Least Significant Difference test. Within group 

analyses were performed using a mixed effect model, with participants as a random effect 

and visual feedback condition and hand dominance as fixed effects. Post hoc analyses were 

again performed using Fisher’s Least Significant Difference test.

Results

We recruited 37 healthy adult volunteers aged 20 years and above. The measurements were 

acquired from three groups of adults: 12 young participants (average age: 24.5 ± 1.6 years 

(mean ± SD), range: 22-28, 5 males), 12 middle-aged participants (average age: 44.5 ± 

9.4 years, range: 30-60, 3 males), and 13 older participants (average age: 73.3 ± 6.8 years, 

range: 67-87, 8 males). Of the 37 participants, 35 were right-handed. Performance on the 

overlap task and the movement onset task was collected under four different conditions: 

dominant hand with vision, dominant hand without vision, non-dominant hand with vision, 

non-dominant hand without vision. Not all participants completed the four different testing 

conditions as the full protocol was incorporated in stages; the number of participants for 

each test are given within Figs. 3 and 4.

Overlap Task Results

Results from the assessment immediately following the overlap task revealed that all 

participants understood the instructions for the overlap task and attempted to press the 

spacebar when their index and middle fingers were directly overlapped. Likewise, 95% of 

participants were able to feel their index and middle fingers start moving, stop moving, 

and crossover during the task. Only one participant in the middle-aged group was unable 

to feel their index finger start moving; one participant in the older age group reported 

they could not feel their fingers cross over. Although these participants reported lack of 

somatosensation, each did demonstrate comprehension of the overlap task, and so data from 

all participants are included in the following statistical analyses.

For participant average absolute errors, a difference in performance on the overlap task 

was found to exist as a main effect of age (F(2,31)=5.74, p=0.007, Fig. 3A); the main 

effect for visual feedback condition was trending (F(1,99)=2.83, p=0.09); and the main effect 

for hand dominance was not significant (F(1,88)=0.10, p=0.75). Given our hypothesis that 

vision would help participants compensate for any deficits in proprioception, we proceeded 

with one-way ANOVAs to evaluate any main effect of age for the four test conditions: 

dominant hand, dominant hand+vision, non-dominant hand, non-dominant hand+vision 

(Fig. 3). Difference in overlap error according to age was detected for both hands when 

participants completed the task with vision occluded (dominant hand: F(2,34)=4.84, p=0.01; 

non-dominant hand: F(2,33)=3.53, p=0.04). Post-hoc tests for the dominant hand revealed 

the older age group made significantly larger errors than the young (t(34)=2.05, p=0.04) 

and middle-aged groups (t(34)=3.04, p=0.004). For example, the older participants made on 

average 48% larger finger position sense errors compared to young participants. Similarly, 

post-hoc tests for the non-dominant hand indicated the older group made larger errors than 

the young (t(33)=2.04, p=0.04) and middle-aged groups (t(33)=2.46, p=0.02). Conversely, a 
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difference in overlap error according to age was not detected when participants completed 

the task with visual feedback (dominant hand+vision: F(2,25)=0.78, p=0.47; non-dominant 

hand+vision: F(2,25)=1.73, p=0.19).

The overlap task mixed-effects model did not indicate a significant interaction for 

categorical age groups and visual feedback condition (F(2,99)=0.52, p=0.6).

Overlap error can also be evaluated by computing signed averages, wherein negative and 

positive errors reveal if participants responded before or after their fingers were directly 

overlapped, respectively (Fig. 3B). Signed average overlap errors were calculated for each 

age group (young: −3.2 ± 2.9° (mean ± SD); middle-aged: −0.01 ± 3.9°; older: 2.6 ± 6.3°). 

Across all age groups and task conditions, 49% of participants made negative signed average 

overlap errors, indicating that participants anticipated the moment their fingers would cross.

Movement Onset Task Results

For participant average movement onset detection times, a difference in performance on the 

movement onset task was found to exist as a main effect of age (F(2,25)=4.16, p=0.03, Fig. 

4) and a main effect of visual feedback condition (F(1,82)=6.01, p=0.01); the main effect 

for hand dominance was not significant (F(1,82)=2.83, p=0.10). Using the same age group 

divisions from the overlap task analyses, subsequent one-way ANOVAs were performed 

to detect any differences among age groups for the four testing conditions (Fig. 4). A 

main effect of age was found for both hands when participants performed the movement 

onset task with vision occluded (dominant hand: F(2,25)=4.74, p=0.02; non-dominant hand: 

F(2,25)=4.29, p=0.02). Post-hoc tests for the dominant hand revealed the older age group 

had significantly longer reaction times than the young age group (t(25)=3.08, p=0.005). 

For example, proprioceptive reaction time was 78% longer in older adults compared to 

young adults. Likewise, post-hoc tests for the non-dominant hand indicated the older group 

had significantly longer reaction times than the young age group (t(25)=2.90, p=0.007). 

Conversely, a difference in movement onset detection time according to age was not detected 

when participants had visual input during the task (dominant hand+vision: F(2,25)=1.84, 

p=0.18; non-dominant hand+vision: F(2,25)=0.59, p=0.56).

Moreover, the movement onset task mixed-effects model indicated a significant interaction 

for categorical age groups and visual feedback condition (F(2,81)=4.31, p=0.02). Within-

group analyses indicated a significant main effect for vision for the young age group 

(F(1,22)=13.03, p=0.002), but not for the middle-aged or older age groups. A paired t-test 

revealed detection times for the young age group with visual feedback were longer than 

those without visual feedback (t(22)=3.6, p=0.002).

Discussion

The primary aim of the present study was to evaluate age-related changes in finger joint 

position and movement sense by means of a novel robotic proprioception assessment. We 

hypothesized that passive finger movement tasks with FINGER would detect diminished 

proprioceptive ability in older adults compared to younger adults. Our results from 37 

individuals aged 22-80 years revealed significant age-related declines in PIP and MCP joint 
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proprioception. In the case of the overlap task, wherein index and middle fingers were 

passively moved in opposing directions and participants indicated when their fingers were 

directly overlapped, older participants demonstrated diminished finger position sense and 

made 48% larger errors than young healthy participants (Fig. 3). Moreover, the movement 

onset task also showed that older participants were 78% slower in detecting the onset of 

passive finger movements than young participants (Fig. 4). These proprioceptive deficits 

were masked when older participants were permitted vision of their hand. Additional 

assessments indicated hand dominance did not affect finger proprioception in either task. 

These results describe a decline of finger proprioception and finger proprioception reaction 

time with normal aging, a finding of concern to our aging population given that finger 

joint proprioceptive ability strongly relates to precise control of hand movements performed 

during activities of daily living.

The results presented here support the view that age-related proprioception decline is a 

generalized phenomena that older adults experience throughout multiple effector systems 

of the body. These data are the first to provide strong evidence that finger joint position 

sense and movement onset detection are significantly impaired in healthy older adults, a 

finding that supports observations of generalized declines in proprioceptive ability with 

aging. Previous research indicates lower limb proprioception, specifically position sense of 

toes, ankles, and knees (Sorock and Labiner 1992), decreases with normal aging. Declines in 

active and passive joint movement of the elbow and wrist have been detected in the elderly 

at comparable rates reported for the lower limb (Adamo et al. 2007; Adamo et al. 2009; 

Wright et al. 2012; Herter et al. 2014). For example, in an arm position-matching task, 

errors in hand-based position sense parameters increased 36% across adulthood (Herter et al. 

2014). The present findings report a similar decline in proprioception of the finger joints. It 

is important to note, however, that task design likely has a significant influence in evaluating 

joint position sense, and thus direct comparisons across protocols are difficult. What is clear 

is that age-related proprioceptive impairment is pervasive across limbs, including the fingers.

Age-related changes affecting finger proprioception

Numerous peripheral and central level neurophysiological factors might account for the 

observed age-related changes in proprioception (Goble and Brown 2009). A general loss 

of sensitivity affecting stretch-sensitive mechanoreceptors (Shaffer and Harrison 2007), 

age-related alterations in cutaneous receptors, decreased density of Meissner and Pacinian 

corpuscles per unit of skin area (Vega et al. 2012), and a decline in joint mechanoreceptors 

(Morisawa 1998) likely contribute to the impaired dynamic position sense detected in the 

older participants.

In addition to these probable contributions from the peripheral nervous system, it is 

likely that some component of age-related decline in proprioceptive function is related to 

changes in the central nervous system (Goble et al. 2009a). This could theoretically be 

due to some combination of elementary sensory signaling or cognitive decline. Regarding 

the latter, joint position errors made by the elderly can be modulated by the amount of 

proprioceptive processing required (Goble et al. 2005; Adamo et al. 2007; Goble and Brown 

2007), suggesting task type and experimental design can indeed impact the severity of 
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proprioceptive impairments detected. In the current study, the overlap and movement onset 

tasks do not rely on proprioceptive memory (as in ipsilateral remembered matching) or 

interhemispheric transfer (as in mirroring tasks). Thus, we suggest that the proprioception 

assessments presented here are independent of cognitive attentional resources available 

to older individuals and likely reflect the neurophysiological underpinnings of finger 

proprioception for different age groups.

Advantages of proprioception testing with FINGER

Joint position sense is usually assessed in patients with stroke (Carey et al. 1996; Dukelow et 

al. 2010) or as a test for sensory deficits due to aging or disease (Peixoto et al. 2011; Ochoa 

and Gomiak 2014). Robotic devices can quantitatively assess sensorimotor dysfunction 

with heightened sensitivity in these populations (Reinkensmeyer and Boninger 2012). For 

example, robotic assessments have revealed patients frequently have deficits in motor and 

sensory functions despite receiving normal scores on traditional clinical measures (Debert 

et al. 2012). Additionally, seemingly ‘standardized’ somatosensation assessments have in 

fact been found to be subjective and have poor inter-rate reliability (Lincoln et al. 1991; 

Connell and Tyson 2012), deeming traditional proprioceptive measurements both unreliable 

and insensitive. As this study sought to detect minor differences in proprioceptive ability 

that may exist between healthy individuals as a function of age, we designed proprioception 

tasks using FINGER. Using this finger-curling robot allowed us to design two passive 

proprioception tasks.

Various tasks designed to measure the ability to sense joint movement have been developed. 

An early study in motion sense found that compared to young adults, older participants 

were less capable of sensing motion of the metacarpophalangeal and metatarsophalangeal 

joints in the absence of vision (Kokmen et al. 1978). Movement detection thresholds have 

also been studied in relation to normal aging for lower limb joints, such as the ankle (Xu 

et al. 2004; Westlake and Culham 2007) and knee (Barrack et al. 1983; Skinner et al. 

1984). More recently, robotics have been employed to enhance acuity in studies addressing 

kinesthesia in the elbow and wrist joints (Scott 1999; Dukelow et al. 2010; Wright et al. 

2012; Semrau et al. 2013; Herter et al. 2014; Simo et al. 2014). The present study is the first 

to our knowledge to extend conventional measurements of passive movement detection to 

the finger joints using robotics.

The overlap task was designed to address the intrinsic dual functionality of proprioception, 

which refers to both position sense and movement detection. The ability to monitor position 

during motion has been termed “dynamic position” sense. Traditional position sense studies 

have had participants mirror a static position with their free limb (Adamo et al. 2007). 

While employing robotics in this setting has introduced objective scoring (Dukelow et 

al. 2010; Wright et al. 2012; Semrau et al. 2013; Herter et al. 2014), testing paradigms 

that incorporate sense of position and sense of movement are challenging to design. The 

overlap task presented here introduces a quantitative assessment for dynamic finger position 

sense (Figs. 1, 2). Because sense of position and sense of movement are both important 

in proprioception and strongly contribute to fine motor control during voluntary movement 

execution (Gandevia et al. 1992; Proske and Gandevia 2009), we suggest the overlap task, 
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which tests both senses, provides enhanced insight to the decay of proprioceptive ability as 

a result of normal aging. Indeed, this task detected decreased proprioception in the older age 

group compared to both the young and middle-aged groups and therefore proved to be a 

more sensitive probe than the movement onset task, which characterizes sense of movement 

alone and did not consistently detect a difference between the older and middle-aged groups.

Role of feedback condition on proprioception

In a number of highly skilled motor activities, responses to kinesthetic stimulus rather 

than a visual one would seem beneficial since the kinesthetic route is faster to process 

(Chernikoff and Taylor 1952; Botwinick and Brinley 1962; Keele and Posner 1968; Klein 

and Posner 1974). Despite this, kinesthetic cues are rarely the only means through which 

one perceives movement. On both the overlap task and movement onset task, our older age 

group demonstrated impaired proprioception compared to the young group without vision, 

but performed comparably when vision was included. Previous studies have confirmed the 

importance of vision in the control of posture under challenging conditions (Manchester 

et al. 1989; Lord et al. 1991; Lord and Menz 2000) and suggest that the visual system 

is relied upon to compensate for diminished proprioception in the lower limbs and upper 

limbs (Sainburg et al. 1993). It is likely that visual input plays a similar compensatory 

role in the finger joints, which allows older participants to complete proprioception tasks 

indistinguishably from younger participants.

It is well-known that reaction times generally increase with aging and this effect is seen 

in response to stimuli across all sensory modalities (Fozard et al. 1994; Ratcliff et al. 

2001; Dykiert et al. 2012). Thus, it may seem possible that such aging-related increases in 

reaction time would map onto increases observed in overlap error, making it possible that 

the observed deficit was due to prolonged reaction time rather than impaired proprioception 

per se. It is important to note that by design, the overlap task is inherently independent of 

reaction time because it is anticipatory by nature. Longer preparatory intervals are known 

to reduce reaction time (Dykiert et al. 2012); given that participants could anticipate the 

timing that their slowly moving fingers would cross, this preparatory interval was extended 

during the overlap task. Thus, 49% of participants made signed average overlap errors that 

were negative (Fig. 3B). The prevalence of negative errors on the overlap task reveals that 

participants anticipated the crossover event and sometimes reacted too early. The overlap 

task is therefore anticipatory in nature and delays in reaction time due to aging are unlikely 

to confound the results presented here.

One should also consider the role of reaction time in the movement onset task. It is logical 

that reaction time does play a role in the movement onset task, as it is in essence a test 

of proprioceptive reaction time. However, the results from the movement onset task are 

likely indicative of more than a simple delay of reaction time with age. For example, 

if these results revealed a delay in reaction time alone, there should be a difference 

between older and young age groups regardless of visual feedback condition. This is not 

the case, as all age groups performed similarly on the movement onset task when they 

were permitted visual access to their hand (Fig. 4). One may be tempted to attribute 

the similar performances amongst the groups when visual feedback was permitted to the 
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young participants’ seemingly slowed reaction times. Indeed, visual feedback significantly 

increased movement onset detection time for the young age group, but this is not an atypical 

observation. Visual responses are known to have slower processing times compared to 

those of kinesthesia (Chernikoff and Taylor 1952; Botwinick and Brinley 1962; Keele and 

Posner 1968; Klein and Posner 1974). Moreover, visual input tends to dominate input from 

somatosensory modalities (Posner et al. 1976). For the young participants, a tendency to 

depend on visual feedback of the hand rather than proprioception when performing this 

task resulted in slower response times than when they completed the task without vision, 

thereby requiring them to utilize their highly attuned proprioceptive abilities. It is likely that 

the older age group also relied on visual feedback to complete this task when given the 

opportunity. Yet, the older age group did not demonstrate a significant main effect for visual 

feedback condition. This suggests that proprioceptive abilities for elderly individuals were 

diminished and therefore rendered the slower processing time of visual input undetectable. 

By any means, given the potential confounds of reaction time on the movement onset task, 

the overlap task is perhaps a more ideal way to parse out the effects of delayed reaction time 

from the effects of age-related decline in finger proprioception.

Lack of asymmetry due to hand dominance

Studies regarding static position sense about the elbow have indicated asymmetries in 

younger individuals with the non-dominant arm exhibiting an enhanced ability to utilize 

limb position feedback (Goble et al. 2006). Interpreted as a specialization of the non-

dominant hemisphere system for position-related proprioception processing (Goble et al. 

2009a; Goble et al. 2009b), this finding has been seen in older adults for conditions 

requiring interhemispheric transfer of proprioceptive information (i.e. static limb matching 

tasks) (Adamo et al. 2007; Adamo et al. 2009; Herter et al. 2014). Although a lifetime 

of dominant hand use may suggest enhanced dynamic movement onset detection for 

dominant limbs, dynamic movement reproduction does not differ between the two arms 

(Goble and Brown 2009; Cusmano et al. 2014) nor does passive movement onset detection 

in wrist joints differ according to hand dominance for elderly participants (Wright et al. 

2012). Likewise, in the present study the main effect of hand dominance failed to reach 

statistical significance for the overlap and movement onset tasks. This suggests that decay 

in proprioceptive ability with natural aging is generalized to both upper limbs. Moreover, it 

highlights the influence of task design in detecting kinesthetic asymmetries.

Conclusions

The results of this study extend our current understanding of the extent of age-related 

proprioception declines and confirm that such declines are general phenomena affecting 

the most distal part of the upper extremity. Additionally, they introduce two novel robotic 

techniques for quantitatively assessing dynamic position sense in the finger joints, one being 

free of possible reaction time confounds. These results may also have clinical value. The 

functional consequences of impaired finger joint proprioceptive ability strongly relate to 

precise control of finger movements performed during activities of daily living (Ghez et 

al. 1995; Gordon et al. 1995). This is particularly relevant for our aging society where 
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physiological declines in finger proprioception are naturally occurring, and may also be 

useful for understanding diseases in which sensory function is affected such as stroke.
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Fig. 1. 
FINGER robot with two 8-bar finger curling mechanisms and two actuators that allow for 

naturalistic grasping motions by controlling the angle and position of the proximal phalanx 

and the position of the middle phalanx. The index and middle fingers attach to the robot and 

are guided through crisscross finger movements during the proprioception tasks; movement 

stops and reverses directions when fingers are separated at 30% of range of motion (defined 

by bold lines)
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Fig. 2. 
Example index and middle finger movement paths during proprioception tasks generated 

by the FINGER robot. FINGER moved participants’ index and middle fingers in opposing 

directions to create crisscross motions. One crossover event occurred during each crisscross 

movement wherein the index and middle fingers were directly overlapping. The position in 

space where the crossover event occurred varied for each crisscross movement; to create 

this effect, the fingers alternated between symmetric and asymmetric movements. Each 

crisscross movement occurred over 5 seconds, followed by a pseudo-random 0-3 second 

pause. During the pause, index and middle fingers were separated at 30% of the ROM 

by FINGER. Varying finger velocity profiles and pseudo-random pause times created non-

periodic crisscross movements that participants could not predict using timing strategies
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Fig. 3. 
(A) Average absolute error, in degrees about the MCP, made on the overlap task for the 

dominant and non-dominant hands, with and without vision. The older age group performed 

significantly worse than the young and middle-aged groups for both the dominant and 

non-dominant hands without vision. However, no difference existed between the age groups 

when participants were permitted visual feedback of their hand. Numbers in parentheses 

indicate the number of participants tested for each condition. Error bars are standard error. 
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* = p<0.05. ** = p<0.01. (B) Histogram distribution of signed average errors made on the 

overlap task
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Fig. 4. 
Mean time to detect finger movement onset during the movement onset task for the 

dominant and non-dominant hands, with and without vision. The older age group performed 

significantly worse than the young age group for both the dominant and non-dominant hands 

without vision. However, no difference existed among the groups when participants were 

permitted visual feedback while completing the task. Error bars are standard error. ** = 

p<0.01
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