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Abstract
Rapid grip force responses to unexpected pulling loads on the fingertips are deteriorated in older adults due to, in part, age-
related declines in somatosensory function. Such reports are limited to one-hand conditions despite the higher frequency 
of using two hands together in daily living activities of older adults. Unexpected perturbations during bimanual movements 
elicit goal-oriented and cortically-meditated bilateral rapid motor responses. Since aging is associated with declined soma-
tosensory and cognitive functions, we hypothesized that bilateral rapid motor responses differ between young and older 
adults, such that older adults exert stronger grip forces following perturbation and the unperturbed hand is more involved in 
stabilizing the object in older adults. We tested our hypothesis by comparing the rapid grip force responses of both hands 
in young and older adults. A total of 13 right-handed young individuals (24.2 ± 4.0 years old, 5 men) and 13 right-handed 
older individuals (68.7 ± 7.1 years old, 5 men) were recruited. Tactile detection threshold, fingertip friction, and the rapid 
grip force responses of both hands triggered by unpredicted pulling loads during grip-lift movements were assessed. Older 
adults had higher tactile detection thresholds and lower fingertip friction compared to young adults. Regardless of age, rapid 
motor responses were found in both the perturbed (right) hand and the indirectly perturbed (left) hand at 73 ms and 135 ms 
after the perturbation, respectively, while magnitudes of the responses depended on perturbation magnitudes. Higher val-
ues in maximum grip force and maximum grip force rate were found in older adults as compared to young adults. In older 
adults, the indirectly perturbed (left) hand was more involved in stabilizing the object as compared to young healthy adults. 
The current study suggests that age-related changes in the peripheral and central nervous systems contribute to the greater 
involvement of the indirectly perturbed hand in older adults.
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Introduction

A number of physiological changes occur across the body 
as one ages. Generally, both sensory and motor function 
decline in parallel with aging. Specifically, declined soma-
tosensory function, such as deteriorated tactile acuity (Ste-
vens and Patterson 1995), is reported in older adults (Shaffer 
and Harrison 2007). As afferent feedback plays a critical role 
in successful object manipulation (Johansson and Flanagan 

2009), it is not surprising that deteriorated tactile acuity 
coincides with declined fine motor skills in older adults 
(Tremblay et al. 2003).

The evidence base also indicates that motor responses 
such as rapid pinch force responses, which correspond to 
short-latency reflex responses, are highly reliant on afferent 
input and that these responses degrade with advanced age 
(Cole and Johansson 1993; Crevecoeur et al. 2017; Johans-
son et al. 1992a; Macefield and Johansson 2003). Grip force 
adaptations in response to unexpected load force are known 
to be affected when afferent input from cutaneous mecha-
noreceptors is blocked (Johansson et al. 1992b). Degraded 
rapid pinch force responses were seen in older adults, which 
may be associated with degraded afferent input and declined 
information processing speed due to age-related changes in 
cutaneous mechanoreceptors and cognitive function, respec-
tively (Cole and Rotella 2001).
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Effects of aging on fine motor skills have been investi-
gated by evaluating control of precision grip using “pas-
sive” and “active” objects. “Passive” objects refer to objects 
that have stable physical properties and, therefore, predict-
able; “active” objects refer to objects that produce unex-
pected load force (Johansson and Cole 1994). Using “pas-
sive” objects, age-related changes in precision grip, such as 
higher grasping forces, larger safety margins, greater skin 
slipperiness (Cole 1991; Cole and Beck 1994; Gilles and 
Wing 2003), delayed object lifting (Kinoshita and Francis 
1996), digit misalignment causing object roll (Parikh and 
Cole 2012), and larger digit-object contact areas (Gorniak 
and Alberts 2013) have been reported. Considering all of 
these age-related changes in precision grip, Gorniak and 
Alberts (2013) concluded that older adults have a higher 
risk of accidently dropping objects.

Some studies have examined the effects of aging on object 
manipulation of separate objects (Cole and Rotella 2001; 
Gorniak and Alberts 2013). Unfortunately, knowledge of the 
rapid pinch force responses in older adults is limited to one-
hand conditions, which does not reflect the daily life of older 
adults (Clark et al. 1990; Kilbreath and Heard 2005). With 
respect to bimanual function, sudden load force increases in 
one finger elicits rapid twitch-like responses in the contralat-
eral non-loaded finger (Ohki and Johansson 1999). However, 
recent investigations suggested that non-perturbed fingers 
can execute more sophisticated responses based on the goal 
of motor tasks. For example during motor tasks requiring 
coordination of the two arms, mechanical perturbations to 
one arm elicit rapid motor responses in both arms, suggest-
ing motor responses are based on integration of sensory 
information from both arms (Diedrichsen 2007; Dimitriou 
et al. 2012; Mutha and Sainburg 2009). Thus, rapid bilateral 
motor responses appear to be goal-oriented and cortically-
mediated (Mutha and Sainburg 2009).

As sensory feedback and its processing are reduced in 
older adults, rapid bimanual motor responses may differ 
from those in young adults. The purpose of the current study 
was to investigate the effects of age on motor responses 
elicited by an unexpected perturbation during a motor task 
requiring a coordination of two hands. We expected higher 
pinch forces and pinch force rates in older adults in the 
directly perturbed hand, in the line with the evidence base 
(Hypothesis #1) (Cole and Rotella 2001). We expected rapid 
motor responses in the indirectly perturbed hand as reported 
by other studies, with higher pinch forces and pinch force 
rates in older adults, possibly due to a greater mis-estima-
tion of perturbation caused by deteriorated sensory feedback 
and poor processing information of sensory feedback as a 
result of declining cognitive function (Hypothesis #2) (Die-
drichsen 2007; Dimitriou et al. 2012; Mutha and Sainburg 
2009). Lastly, as the bilateral motor response is a cortically 
meditated response, we expected age-related differences in 

phases broadly corresponding to long-latency (60–120 ms 
post-perturbation) and volitional responses (120–180 ms 
post-perturbation) since a cortical contribution is reported 
in these responses (Hypothesis #3) (Crevecoeur et al. 2017; 
Macefield and Johansson 2003; Pruszynski 2014).

Methods

Subjects

Thirteen (13) healthy young individuals (24.2 ± 4.0 years 
old: five men and eight women) and 13 older individual 
(68.7 ± 7.1 years old: five men and eight women) were 
recruited. Handedness was determined using Edinburgh 
Handedness Inventory (Oldfield 1971), ranging from a lat-
erality quotient (LQ) of − 100 (very strong left-hand domi-
nance) to + 100 (very strong right-hand dominance). All 
subjects were strongly right-handed individuals (Young LQ 
average: 86.2, Older LQ average: 94.4) and had no previ-
ous history of health conditions or traumas affecting manual 
sensorimotor function such as: hand arthritis, carpal tun-
nel syndrome, cubital tunnel syndrome, muscle wasting, 
stroke, cerebral palsy, Parkinson’s disease, Huntington’s dis-
ease, multiple sclerosis, muscle dystrophy, brachial plexus 
injury, dementia, Type 1 or Type 2 diabetes, amputation, 
Alzheimer’s disease, or peripheral neuropathy. All partici-
pants gave informed consent according to the procedures 
approved by the Institutional Review Board of the University 
of Houston.

Experimental apparatuses

Grip device

A grip device shown in Fig. 1 was created to determine force 
characteristics of rapid bimanual motor responses follow-
ing an unexpected perturbation. The device was designed 
to have a symmetrical mass distribution with the center of 
mass located at the mid-point of the device. The device’s 
length, height, and width were 30 cm, 8.5 cm, and 10 cm, 
respectively. Four identical six-component force-moment 
transducers (nano25 Transducers: ATI Industrial Automa-
tion, Garner, NC, USA) were attached firmly on the device 
to record grip force (aka: normal force), load force, and 
torque exerted by thumb and index finger of both hands. 
The contact surfaces for the fingers were covered with 320-
grit sandpaper to increase the coefficient of friction between 
the surfaces of the transducers and the fingers. The distance 
between the two contact surfaces for thumb and index fin-
ger was 5.5 cm. A bubble level was placed in the middle of 
device. A string was attached on each semicircular loop. The 
string attached on the right semicircular loop was connected 
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to a perturbation system. The left-side string had a weight 
to equalize mass distribution when the object was not per-
turbed. The total weight of the system was 550 g. The device 
was placed on the top of a container incorporating the per-
turbation system.

Perturbation system

A motorized perturbation system was developed to deliver 
pulling loads to the right side of the grip device, as viewed 
by study participants. The perturbation system consisted of a 
12 V DC motor (OT366: Kohree, Charlotte, NC, USA) con-
trolled by a microcontroller (Arduino Uno: Arduino, Somer-
ville, MA, USA) via a motor driver module (BTS7960: 
HiLetgo, Shenzhen, Guangdong, China). The DC motor had 
a stall torque of 0.6 N·m and a no-load speed of 120 rpm, 
and the motor driver module had a maximum continuous 
output current of 43 A continuous and maximum supply 
voltage of 12 V. The DC motor was secured on a metallic 
base affixed to a table. The perturbation system delivered 
via two different step-shaped pulling loads: 12 N and 8 N. 
The pulling loads were modulated by controlling the duty 
cycle of pulse width modulation (100% and 75% duty cycles 
for 12 N load and 8 N load, respectively). The pulling loads 
lasted for 500 ms (Crevecoeur et al. 2017). The perturbation 

system was hidden by a containment unit; this containment 
unit served as the resting surface for the grip device.

Experimental procedures

Tactile sensory evaluation

The threshold of tactile sensation detection of the hands 
was measured using Semmes–Weinstein Monofilament Test 
(Touch Test Sensory Evaluator: North Coast Medical Inc, 
Morgan Hill, CA, USA). The measuring sites included: the 
distal pad of right-hand index finger (RI), the distal pad of 
right-hand thumb (RT), the distal pad of left-hand index fin-
ger (LI), and the distal pad of left-hand thumb (LT). Subjects 
were instructed to respond when they registered a stimulus 
on the finger pads. The threshold of tactile registration was 
determined using a descending procedure where the force 
of the monofilament becomes smaller as subjects success-
fully recognized the stimulus three consecutive times. The 
smallest force that was recognized three consecutive times 
was recorded.

Object slip task

An object slip task was performed to measure the coeffi-
cient of friction (COF) between fingertips of the right hand 
and the transducers (Johansson and Westling 1984; Khan 
and Gorniak 2016; Thames and Gorniak 2017). Subjects 
were instructed to pinch and lift an object which consisted 
of two identical six-component force-moment transducers. 
Two reflective markers (6.4 mm Reflective Markers: B&L 
Engineering, Santa Ana, CA, USA) were attached on the 
top of the object to track the object position with a 12-cam-
era motion capture system (VICON, Yarnton, Oxford, UK). 
Subjects were asked to slowly separate their fingers and let 
the object slip from their hand. The COF was determined 
by quantifying the ratio of load force and grip force at the 
moment of object slip onset. The moment of object slip 
onset was defined as the moment that the acceleration of 
the object exceeded 3% of maximal acceleration. Subjects 
performed the object slip task three times and the average 
of COF was quantified.

Manual evaluation

Subjects sat on a height-adjustable chair in front of the 
desk supporting the perturbation system with contain-
ment unit and the grip device atop the containment unit. 
The postural configuration during the seated task included: 
shoulders abducted 15°, flexed 45°, elbows flexed 90°, and 
hands rested on starting positions marked on the container. 
The experimental apparatus was placed as the bubble level 
on the grip device was aligned with the subject’s midline. 

Fig. 1  Diagrams of the grip device. The grip device consisted of four 
identical force/torque transducers (shown in white) and a bubble level 
(shown in textured gray) in the middle of the device. Local axes of 
the thumb and index sensors (Xth, Yth, Zth and Xi, Yi, Zi; respectively) 
are shown
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Subjects were instructed to perform a grip-lift movement 
using thumbs and index fingers of both hands. The main 
objective of this movement was to keep the device level 
while holding. Subjects were instructed to grasp the sur-
faces of the transducers using pinch grips (thumbs and index 
fingers only) after the first auditory cue and lift the device 
approximately 8 cm above from the top of the container at 
a self-determined lifting speed. Subjects were instructed to 
maintain the device level during the holding phase by moni-
toring the bubble level. The device was held in the same 
position until the second auditory cue, which occurred 15 s 
after the first auditory cue. Although grip and load forces 
can reach stable values (a static phase) one second after the 
onset of movement in young adults (Johansson and West-
ling 1984), we set the holding duration for 15 s to provide 
adequate time for older adults to stabilize their grip and load 
forces. Subjects repositioned their hands to the starting posi-
tion once the device was rested back on top of the container. 
No contact was permitted prior to the trial onset. Recruiting 
the other three fingers of either hand during the task was 
prohibited. Subjects performed 10 sets of 20 trials each (200 
trials in total). There was a minimum of 5 s rest intervals 
between trials and minimum 3 min rest intervals between 
sets. Participants were reminded of the main objective of 
the movement at the beginning of each set.

On random trials, a mechanical perturbation was applied 
to the grip device by activating the perturbation system in a 
time window corresponding to 5th–13th second of holding 
period. The puling load inducing the perturbation was arbi-
trary chosen. There were three randomly assigned perturba-
tion trials in each set; there was a total of 30 perturbation 
trials (15 trials for 12 N load and 15 trials for 8 N load). The 
total perturbation trials were limited to 30 trials in order 
to prevent anticipation. The mechanical perturbation was 
not delivered in the first 5 s of 15-s holding period to allow 
subjects to stabilize the grip and load forces and the object. 
In order to eliminate anticipation effects, we delivered the 
mechanical perturbation between 5 to 13th seconds of the 
trial rather than at a certain time.

Data processing and analyses

The transducer signals were amplified and multiplexed using 
ATI hardware before routed to analog-to-digital converter 
(via two cDAQ-9174 chassis and four NI-9205 input mod-
ules: National Instruments, Austin, Texas, USA). Using a 
customized LabVIEW (National Instruments) program, grip 
forces, load forces, and torques were acquired at 1000 Hz. 
Data were processed with a customized MATLAB (Natick, 
Massachusetts, USA) program. The data were low-pass fil-
tered at 10 Hz using a 2nd order zero-lag Butterworth filter 
(Ochoa et al. 2016; Ochoa and Gorniak 2014). The magni-
tude of grip forces exerted from each hand were defined as 

the average of normal forces applied to each transducer with 
thumb and index finger ([|Zi| +|Zth|]/2). The load force (LF) 
on each hand was calculated as the sum of the tangential 
force measured at each fingertip (Li + Lth). The tangential 
force to each grasping surface was quantified as follow: 
([F2

x + F2
y]1/2), where Fx and Fy are the force component 

of x axis and y axis, respectively. The torque force (TF) 
on each hand was computed by summing the torque force 
measured at each fingertip (Ti + Tth). The torque force at 
the fingertip was determined using the following equation: 
Tz – (Fy × Px – Fx × Py), where Tz is a torque component of z 
axis, Px and Py are the center of normal force application 
such that Px = − Ty/Fz and Py = Tx/Fz, respectively (Kinoshita, 
Backstrom, Flanagan, and Johansson, 1997). Fz is a force 
component of z axis, and Tx and Ty are torque components 
of the x and y axes, respectively. Slip force (SF), which is 
considered as the minimal normal force required to prevent 
object slip, of each hand was quantified by summing the 
estimated SF of each fingertip  (SFi + SFth). SF was estimated 
using the regression model proposed by Kinoshita et al. 
(1997), which estimate a reasonable SF without measuring 
torsional slips. The equation estimating the SF was as fol-
lows: SF = LF + a−1 × |TF|+ b × Ft × |TF|, where a = 0.133/
mm and b = − 0.011/Nmm. The estimated SFs from each 
fingertip was summed to quantify the SF of each hand.

Kinetic data from the perturbation trials were analyzed. 
Specifically, the region of interest was set as 100 ms before 
and 1300 ms after the onset of perturbation. The onset of 
perturbation was defined as the time that the stabilized SF 
of the right hand increased by 5%. The following SF data 
were quantified from both hands: (1) pre-perturbation SF 
(mean SF before the onset of perturbation; Pre SF), (2) post-
perturbation SF (maximal SF after the onset of perturba-
tion; Post SF), and (3) peak SF rate (the maximal value of 
the first derivative of SF; PSF rate). As SF is an estimated 
value based on measured load and torque forces and the two 
forces interact with each other, the following LF and TF data 
were also determined from both hands: (1) pre-perturbation 
LF (mean LF before the onset of perturbation; Pre LF), (2) 
post-perturbation LF (the LF corresponding to the time of 
the maximal SF; Post LF), (3) pre-perturbation TF (mean 
TF before the onset of perturbation; Pre TF), and (4) post-
perturbation TF (the TF corresponding to the time of the 
maximal SF; Post TF). The following grip force data were 
quantified from both hands: (1) maximal grip force (MGF), 
(2) ΔGF (maximal grip force subtracted by the mean stabi-
lized grip force prior to the onset of perturbation), (3) peak 
grip force rate (the maximal value of the first derivative 
of grip force; PGF rate), and (4) maximal grip/slip forces 
ratio (G/S ratio).

Additionally, the onset of rapid grip force (latency) was 
determined as a temporal analysis of grip force by subtracting 
the time of rapid grip force onset from the time of perturbation 
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onset. The onset of rapid grip force was defined as the time 
that the stabilized grip force of each hand increased by 5%. For 
a better understanding of equivalence between the right hand 
and left hand, the ratio between the left and right hands from 
the kinetic data was calculated to highlight to what extent left 
hand was recruited relative to right hand (L/R ratio). In order 
to characterize the grip force during the rapid motor responses, 
we determined maximal grip force and PGF rate at the follow-
ing time windows: (1) 30 ms prior to perturbation (T1), (2) 
1–30 ms after the onset of perturbation (T2), (3) 31–60 ms 
after the onset of perturbation (T3), (4) 61–90 ms after the 
onset of perturbation (T4), (5) 91–120 ms after the onset of 
perturbation (T5), (6) 121–150 ms after the onset of perturba-
tion (T6), and (7) 151–180 ms after the onset of perturbation 
(T7) (Crevecoeur et al. 2017). The T3 interval corresponds 
to the period of short-latency response, while T4 and T5 cor-
respond to the period of long-latency response and T6 and T7 
correspond to the period of volitional movement, respectively 
(Macefield and Johansson 2003).

Statistical analyses

Data are shown as mean ± standard deviation unless otherwise 
stated. Normality was examined using the Shapiro–Wilk test. 
Due to the non-normal distribution data in the tactile threshold 
evaluation, Mann–Whitney U test was performed to determine 
age differences in each evaluation site (RT, RI, LT, LI). An 
independent t test was performed to evaluate effects of aging 
on COF. Three-way mixed-design ANOVAs (MD ANOVA) 
with AGE (young and older adults), PERTURABTION (12 N 
and 8 N), TIME (Pre SF and Post SF; Pre LF and Post LF; 
Pre TF and Post TF) were performed to evaluate (1) SF, (2) 
LF, and (3) TF before and after the perturbation. Three-way 
MD ANOVAs were performed to evaluate the effects of AGE, 
HAND (Right Hand and Left Hand), and PERTURBATION 
on (1) PSF rate, (2) Latency, (3) MGF, (4) ΔGF, (5) PGF 
rate, (6) G/S ratio. A two-way MD ANOVA was performed 
to evaluate the effects of AGE and PERTURBATION on L/R 
ratio. Four-way MD ANOVAs were performed to evaluate the 
effects of AGE, HAND, PERTURBATION, and TIME (T1, 
T2, T3, T4, T5, T6, and T7) on (1) MGF and (2) PGF rate. 
Mauchly’s test of sphericity was used to test the assumption 
of sphericity, and the Huynh–Feldt correction was used if the 
sphericity was violated. If a statistically significant interac-
tion was found in MD ANOVAs, a Bonferroni correction was 
applied for follow-up analyses of main and interaction effects.

Results

Tactile sensory evaluation

Tactile sensory function was found to differ significantly 
between groups for the RT (U = 38.0, z = − 2.75, p < 0.01), 
RI (U = 45.5, z = − 2.32, p < 0.05), and LT locations 
(U = 45.0, z = − 2.51, p < 0.05), but not the LI location. 
Graphical representation of these data are in Fig. 2a.

Coefficient of friction

The coefficient of friction was higher in young adults 
(1.12 ± 0.39) compared to older adults (0.71 ± 0.37), a statis-
tically significant age difference of 0.42,  t24 = 2.77, p < 0.05.

Overall kinetics

To evaluate kinetic characteristics before and after the per-
turbation, we specifically focused on grip forces at 100 ms 
before and 1300 ms after the onset of perturbation. As Fig. 3 
shows, we observed increased grip force in both hands 
regardless of age after perturbation. This observation sug-
gested that both hands were used in order to stabilize the 
active objects. While substantial SF increase was seen in the 
right hand, a subtle SF increase was also observed in the left 
hand. We first analyzed whether the SF after perturbation 
changed after perturbation in each hand. Additionally, we 
analyzed LF and TF before and after the perturbation since 
the SF is estimated value based on the measured LF and 
TF. For further analysis of rapid motor response following 
the perturbation, we analyzed the effects of age, hand, and 
perturbation magnitude on the kinetics.

Slip force (SF) changes following perturbation 
and PSF rate

Overall, SFs following perturbations were higher compared 
to the SFs before the onset of perturbation. While profound 
SF increases were observed in the right hand, regardless 
of age and perturbation condition, the SF of the left hand 
also increased after the onset of perturbation. Although the 
magnitude of perturbation was higher on the right (direct) 
side, these outcomes indicated that the perturbation system 
induced perturbations to both hands.

We performed a three-way MD ANOVA with AGE, PER-
TURBATION, and TIME (Pre SF and Post SF) on SFs of 
each hand. We performed a separated statistical analysis for 
the right-hand SF and the left-hand SF because the primary 
interest of this statistical analysis was to determine whether 
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the SFs increased after the perturbation in each hand rather 
than whether the magnitude of the changes in SFs were dif-
ferent between hands.

In the right hand, SF increased significantly after per-
turbation regardless of age. While no difference was found 
between young and older adults before the onset of perturba-
tion, older adults had higher SF as compared to young adults 
after the onset of perturbation. A three-way MD ANOVA 
on the right-hand SF showed a significant TIME × AGE 
interaction (F1,24 = 9.4, p < 0.01) and a significant PER-
TURBATION × TIME interaction (F1,24 = 101.1, p < 0.001). 
The main effects of AGE, PERTURBATION, and TIME 
were significant (AGE: F1,24 = 9.3, p < 0.01, PERTUR-
BATION: F1,24 = 120.3, p < 0.001, TIME: F1,24 = 159.7, 
p < 0.001). Given the significant TIME × AGE interaction 
and significant main effects of TIME and AGE, simple 

main effect analyses of TIME and AGE were performed. 
Simple main effects of TIME were found in both groups, 
with greater differences in older adults. The right-hand 
SF increased by ~ 200% in young adults (4.25 ± 0.59 to 
12.62 ± 4.40) and ~ 326% in older adults (4.21 ± 0.59 to 
17.94 ± 4.40). Simple main effect analyses of AGE demon-
strated age differences only at post-perturbation (young vs. 
older: 12.62 ± 4.40 vs. 17.94 ± 4.40). Figure 2b shows the 
mean ± SD values of SF obtained from the right hand.

A three-way MD ANOVA on the left-hand SF demon-
strated a significant TIME × AGE interaction (F1,24 = 17.1, 
p < 0.001) and a significant PERTURBATION × TIME inter-
action (F1,24 = 52.5, p < 0.001). The main effects of AGE, 
PERTURBATION, and TIME were significant (AGE: 
F1,24 = 14.0, p < 0.001, PERTURBATION: F1,24 = 46.9, 
p < 0.001, TIME: F1,24 = 92.3, p < 0.001). Since the 

Fig. 2  Tactile sensory function and slip force data. a Group median 
tactile sensory function data for all 4 tested sites (RT, RI, LT, and LI). 
b Slip force (SF) of the right hand before perturbation and post per-
turbation; data shown for both groups, both perturbation conditions, 
and pre- and post-perturbation. c SF of the left hand before perturba-

tion and post perturbation; data shown for both groups, both perturba-
tion conditions, and pre- and post-perturbation. d Peak slip force rate 
(PSF rate) during the task; data shown for both groups, both hands, 
and both perturbation conditions 
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three-way MD ANOVA found a significant TIME × AGE 
interaction and main effects of TIME and AGE, simple main 
effect analyses of TIME and AGE were performed. Similar 
to the finding of right-hand SF, we found a significant simple 
main effect of TIME in both groups, with a greater differ-
ence in older adults. The left-hand SF increased by ~ 22% in 
young adults (4.12 ± 0.35 to 5.03 ± 0.83) and ~ 56% in older 
adults (4.14 ± 0.35 to 6.42 ± 0.83). A simple main effect of 
AGE was found only after the perturbation (young vs. older: 
5.03 ± 0.83 vs. 6.42 ± 0.83). Figure 2c shows the mean ± SD 
values of SF obtained from the left hand.

The analyses of SF changes before and after perturba-
tion suggested that, regardless of age, SF increased in both 
hands. To better understanding of the effects of perturbation 
on SF, we analyzed the peak slip force rate (PSF rate). Our 
analysis found that the right-hand PSF rate is higher than 
the left-hand PSF rate, and the 12 N perturbation condition 
had higher PSF rate compared 8 N perturbation condition. 
These observations were independent from aging. A three-
way MD ANOVA with AGE, PETURBATION, and HAND 
found a significant PERTURBATION × HAND interaction 
(F1,24 = 17.8, p < 0.001) and significant main effects of 
AGE, PERTURBATION, and HAND (AGE: F1,24 = 6.2, 
p < 0.05, PERTURBATION: F1,24 = 47.6, p < 0.001, HAND: 
F1,24 = 67.7, p < 0.001). As the three-way MD ANOVA 
found the significant PERTURBATION × HAND interac-
tion and the main effects of PERTURBATION and HAND, 
simple main effect analyses of PERTURBATION and 
HAND were performed. The simple main effect analysis 

of PERTURBATION found significant differences between 
12 and 8  N perturbation conditions regardless of hand 
(right hand 12 N vs. 8 N: 90.98 ± 37.62 vs. 69.48 ± 28.31, 
left hand 12 N vs. 8 N: 23.38 ± 8.58 vs. 17.74 ± 7.86). The 
simple main effect analysis of HAND found higher PSF rate 
in the right hand compared to the left hand regardless of 
perturbation conditions (12 N right vs. left: 90.98 ± 37.62 
vs. 23.38 ± 8.58, 8  N right vs. left: 69.48 ± 28.31 vs. 
17.74 ± 7.86). Figure 2d shows the mean ± SD values of 
PSF rate.

Load force (LF) and torque force (TF) changes 
following perturbation

Our statistical analyses revealed that SF changes after the 
perturbation. Since the SF is an estimated value based on the 
measured load forces and torque forces, we also evaluated 
how LF and TF changed following the perturbation in each 
hand. We performed separate three-way MD ANOVAs with 
AGE as a between-subject factor and PERTURBATION and 
TIME (Pre LF and Post LF, Pre TF and Post TF) as within-
subject factors for each hand. In short, our analyses demon-
strated that LFs and TFs following perturbation were higher 
than to the LFs and TFs before the onset of perturbation.

Three-way MD ANOVA with AGE, PERTURBATION, 
and TIME (Pre LF and Post LF) on LFs of each hand found 
only a significant main effect of TIME (right-hand LF: 
F1,24 = 46.3, p < 0.001, left-hand LF: F1,24 = 7.1, p < 0.05). 
No other main effects and interactions were significant 

Fig. 3  Averaged force data 
showing the transition of right-
hand grip force and left-hand 
grip force in young (solid gray) 
and older (solid black) adults. 
The transition of averaged slip 
force in young (dash gray) and 
older (dash black) adults is also 
shown. The grip force and slip 
force transitions are also sepa-
rated based on the magnitude 
of delivered perturbation: 12 N 
(1st row) and 8 N (2nd row). 
The period delivering perturba-
tion is indicated by two vertical 
light gray dotted lines
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in both hands. Figure 4a and b show the mean ± SD val-
ues of LF obtained from the right hand and the left hand, 
respectively.

Although small differences, three-way MD ANOVAs 
with AGE, PERTURBATION, and TIME (Pre TF and Post 
TF) on TFs of each hand found a significant main effect of 
TIME in both hands (right-hand TF change: F1,24 = 39.0, 
p < 0.001, left-hand TF change, F1,24 = 5.6, p < 0.05). No 
other main effects and interactions were significant in both 
hands. Figure 4c and d show the mean ± SD values of TF 
obtained from the right hand and the left hand, respectively.

Latency

Temporal analysis demonstrated that the latency was dif-
ferent between two hands, while this difference depends 

on the magnitude of perturbation force. A three-way MD 
ANOVA found a significant PERTURBATION × HAND 
interaction (F1,24 = 4.8, p < 0.05) and significant main effects 
of AGE, PERTURBATION, and HAND (AGE: F1,24 = 4.6, 
p < 0.05, PERURBATION: F1,24 = 24.8, p < 0.001, HAND: 
F1,24 = 219.5, p < 0.001). The significant PERTURBA-
TION × HAND interaction suggests that latency difference 
between hands depends on the perturbation force. A post-hoc 
analysis of two-way interaction revealed significant simple 
main effects of HAND and PERTURBATION. A significant 
simple main effect of HAND was found in both perturba-
tion conditions, while 12 N condition had slightly greater 
difference between the right hand and left hand (12 N Right 
Hand vs. Left Hand: 66.38 ± 18.61 vs. 132.13 ± 9.66, 8 N 
right hand vs. left hand: 80.22 ± 15.74 vs. 138.44 ± 9.80). 
A significant simple main effect of PERTURBATION was 

Fig. 4  Load force and torque force data. a Load force (LF) of the 
right hand before perturbation and post perturbation; data shown for 
both groups, both perturbation conditions, and pre- and post-pertur-
bation. b LF of the left hand before perturbation and post perturba-
tion; data shown for both groups, both perturbation conditions, and 
pre- and post-perturbation. c Torque force (TF) of the right hand 

before perturbation and post perturbation; data shown for both 
groups, both perturbation conditions, and pre- and post-perturbation. 
d TF of the left hand before perturbation and post perturbation; data 
shown for both groups, both perturbation conditions, and pre- and 
post-perturbation
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found in both hands while right hand had greater pertur-
bation difference (right hand 12 N vs. 8 N: 66.38 ± 18.61 
vs. 80.22 ± 15.74, left hand 12 N vs. 8 N: 132.13 ± 9.66 vs. 
138.44 ± 9.80). Figure 5a shows the mean ± SD values of 
Latency; the main and interaction statistical results can be 
found in Table 1.

Maximal grip force (MGF), ΔGF, and peak grip force 
(PGF) rate

Overall, three-way MD ANOVAs indicate that the mag-
nitude of the difference between the right hand and 
left hand becomes greater as the force of perturbation 
becomes stronger, but only in young adults. A significant 
AGE × HAND × PERTURBATION interaction was found 
along with a significant main effect of AGE, HAND, and 
PERTURBATION in MGF, ΔGF, and PGF rate (Table 1). 

Since there was a significant three-way interaction and our 
primary interest in the study was how bimanual rapid motor 
response differs between young and older adults, we per-
formed post-hoc analyses in which we separated the young 
and older groups. The post-hoc analyses for the three-way 
interaction of all three measures demonstrated a significant 
simple HAND × PERTURBATION interaction only in young 
adults (MGF: F1,24 = 26.9, p < 0.001, ΔGF: F1,24 = 26.2, 
p < 0.001, PGF rate: F1,24 = 15.2, p < 0.001). These post-hoc 
analyses suggested that, in the young group, the magnitude 
of the difference between right and left hand in MGF, ΔGF, 
and PGF rate values became greater as the perturbation force 
became stronger [(MGF) 12 N right vs. left: 20.42 ± 5.59 vs. 
10.86 ± 3.99, 8 N right vs. left: 16.66 ± 5.85 vs. 9.04 ± 3.48, 
(ΔGF) 12 N right vs. left: 15.02 ± 5.78 vs. 5.90 ± 3.80, 8 N 
right vs. left: 11.40 ± 5.86 vs. 4.18 ± 3.26, (PGF) 12 N right 
vs. left: 107.64 ± 43.15 vs. 45.84 ± 33.68, 8 N right vs. left: 

Fig. 5  Latency and primary grip force data. a Latency of rapid grip 
force response; data shown for both groups, both hands, and both per-
turbation conditions. b Maximal grip force (MGF) produced during 
the task; data shown for both groups, both hands, and both perturba-

tion conditions. c The change in grip force (ΔGF) produced after the 
perturbation; data shown for both groups, both hands, and both per-
turbation conditions. d PGF rate during the task; data shown for both 
groups, both hands, and both perturbation conditions
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76.09 ± 35.13 vs. 29.03 ± 19.58]. Figure 5b–d shows the 
mean ± SD values of MGF, ΔGF, and PGF rate; the main 
and interaction statistical results can be found in Table 1.

MGF and PGF rate L/R ratio

In order to better understand the equivalence of MGF and 
PGF rate between the right hand and the left hand, a ratio of 
left to right hand for MGF and PGF rate was calculated (L/R 
ratio). Values of L/R ratio ~ 1 indicate that the MGF and 
PGF rates are equivalent between the hands while values < 1 
indicate higher values in the right hand.

In general, the analysis of the MGF L/R ratio suggested 
that the MGF generated by the left hand became more equiv-
alent to the grip force generated by the right hand as the per-
turbation force became stronger in older adults. A two-way 
MD ANOVA for MGF L/R ratio showed a significant main 
effect of AGE and a significant AGE × PERTURBATION 
interaction. The statistical analysis implied that older adults 
demonstrated higher overall MGF L/R ratios; however, the 
magnitude of difference between young and older adults was 
unequal across the two perturbation forces. A post-hoc anal-
ysis of the two-way interaction revealed a simple main effect 
of AGE only in the 12 N condition (F1,24 = 15.8, p < 0.001). 
Figure 6a shows the mean ± SD values of MGF L/R ratio; 
the main and interaction statistical results can be found in 
Table 1.

Similar to the description of MGF, the analysis of PGF 
rate L/R ratio suggested that the PGF rate of the left hand 
becomes more equivalent to the PGF rate of the right 
hand as the perturbation force became stronger in older 
adults. A two-way MD ANOVA demonstrated a signifi-
cant main effect of AGE, PERTUBATION, and a signifi-
cant AGE × PERTURBATION interaction. The significant 

two-way interaction suggested that the magnitude of differ-
ence between young and older adults in PGF rate L/R ratio 
were different between 12 and 8 N perturbation conditions. 
A post-hoc analysis of the two-way interaction revealed a 
simple main effect of AGE in both the 12 N and 8 N per-
turbation conditions with a different significance (12 N: 
F1,24 = 23.6, p < 0.001, 8 N: F1,24 = 14.8, p < 0.01). Figure 6b 
shows the mean ± SD values of PGF rate L/R ratio; the main 
and interaction statistical results can be found in Table 1.

Grip force to slip force (G/S) ratio and G/S L/R ratio

To understand to what extent grip force was generated rela-
tive to the slip force, the ratio of grip force and slip force 
(G/S ratio) within each hand was calculated. Additionally, 
to better understand the equivalence of G/S ratio between 
hands, the ratio of left and right hands of G/S ratio (G/S L/R 
ratio) was calculated.

The analysis of G/S ratio revealed an equivalent G/S ratio 
between right and left hands in older adults, while younger 
adults had higher G/S ratio in the right hand (Fig. 6c). 
This outcome did not change with perturbation force. A 
three-way MD ANOVA demonstrated significant interac-
tions of AGE × HAND and HAND × PERTURBATION, as 
well as significant main effects of HAND and PERTUR-
BATION (Table 1). As our interest was to highlight the 
age differences, we performed a post-hoc analysis of the 
AGE × HAND interaction separating data by age group. 
The post-hoc analysis of the AGE × HAND interaction 
revealed a simple main effect of HAND only in young adults 
(F1,24 = 16.7, p < 0.001).

For the L/R ratio in the Grip/Slip force assessment, val-
ues > 1 indicate larger G/S values in the left hand whereas 
values < 1 indicate larger G/S values in the right hand, and 

Table 1  Significant factors from primary force analyses

GF grip force, G/S ratio grip force to slip force ratio, L/R left to right (ratio), MGF maximal grip force, NA not applicable, PGF peak grip force

Latency MGF ΔGF PGF rate MGF L/R ratio PGF rate L/R ratio G/S ratio G/S L/R ratio

Age F1,24 = 4.6
p < 0.05

F1,24 = 8.4
p < 0.01

F1,24 = 4.0
p = 0.057

F1,24 = 7.4
p < 0.05

F1,24 = 9.4
p < 0.01

F1,24 = 20.2
p < 0.001

– F1,24 = 12.0
p < 0.005

Hand F1,24 = 219.5
p < 0.001

F1,24 = 138.5
p < 0.001

F1,24 = 153.3
p < 0.001

F1,24 = 106.9
p < 0.001

NA NA F1,24 = 6.8
p < 0.05

NA

Perturbation F1,24 = 24.8
p < 0.001

F1,24 = 71.9
p < 0.001

F1,24 = 72.3
p < 0.001

F1,24 = 85.9
p < 0.001

– F1,24 = 17.0
p < 0.001

F1,24 = 8.7
p < 0.01

F1,24 = 43.6
p < 0.001

Age × hand – – – – NA NA F1,24 = 10.0
p < 0.005

NA

Age × perturbation – – – – F1,24 = 13.2
p < 0.005

F1,24 = 5.2
p < 0.05

– –

Hand × perturba-
tion

F1,24 = 4.8
p < 0.05

F1,24 = 9.2
p < 0.01

F1,24 = 9.7
p < 0.005

– NA NA F1,24 = 24.3
p < 0.001

NA

Age × hand × per-
turbation

– F1,24 = 18.1
p < 0.001

F1,24 = 17.1
p < 0.001

F1,24 = 13.5
p < 0.005

NA NA – NA
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values ~ indicate similar values between the hands. Overall, 
older adults had higher equivalent G/S ratio values between 
hands, while young adults had a consistent bias towards 
right-hand G/S values (Fig. 6d). A two-way MD ANOVA 
demonstrated significant main effects of AGE and PER-
TURBATION were found, while there was no significant 
AGE × PERTURBATION interaction (Table 1).

Rapid motor response analyses

MGF

In order to assess the time course of MGF changes, 30 ms 
time windows were set to identify the latencies of MGF 
changes. The analysis revealed that the timing of hand 

difference is different between young and older adults. A 
four-way MD ANOVA with AGE, HAND, PERTURAB-
TION, and TIME with MGF as a dependent variable showed 
a significant AGE × PERTURBATION × HAND × TIME 
interaction, as well as all four main effects (Table  2). 
This outcome suggested that the magnitude of the differ-
ence between right hand and left hand depends on AGE, 
PERTURBATION, and TIME. Since there was a four-way 
interaction and all four main effects, we performed a series 
of post-hoc analyses for a better understand of the main 
effect of HAND. Post-hoc analyses revealed a significant 
simple PERTURBATION × HAND × TIME interaction in 
both age groups (Young: F1.3,15.5 = 22.9, p < 0.001, Older: 
F1.8,21.5 = 18.4, p < 0.001). Further post-hoc analyses of 
simple three-way interaction demonstrated significant a 

Fig. 6  Force ratio data. a MGF evaluated via a between hand ratio 
(left to right ratio, L/R ratio) during the task; data shown for both 
groups and both perturbation conditions. b PGF rate evaluated via a 
between hand ratio (left to right ratio, L/R ratio) during the task; data 
shown for both groups and both perturbation conditions. c The ratio 

between grip and slip forces produced; data shown for both groups, 
both hands, and both perturbation conditions. d The L/R ratio of grip 
and slip forces ratio during the task; data shown for both groups and 
both perturbation conditions
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simple HAND × TIME interaction in both perturbation 
conditions regardless of age (Young 12 N: F1.2,14.3 = 67.6, 
p < 0.001, Young 8  N: F1.3,15.2 = 63.0, p < 0.001, Older 
12 N: F1.4,16.3 = 55.6, p < 0.001, Older 8 N: F1.2,14.4 = 42.9, 
p < 0.001). We conducted a simple main effect analysis of 
HAND at each time window to better understand when the 
MGF of the right hand become greater than the MGF of the 
left hand. In young adults, the simple main effect of HAND 
was observed at T5, T6, and T7 regardless of perturbation 
conditions (12 N T5 right vs. left: 6.74 ± 1.28 vs. 5.12 ± 1.10, 
12 N T6 right vs. left: 8.75 ± 1.61 vs. 5.51 ± 1.11, 12 N T7 
right vs. left: 11.24 ± 1.94 vs. 6.37 ± 1.22, 8 N T5 right 
vs. left: 6.27 ± 1.08 vs. 5.01 ± 1.10, 8 N T6 right vs. left: 
7.66 ± 1.19 vs. 5.30 ± 1.11, 8 N T7 right vs. left: 9.35 ± 1.51 
vs. 5.87 ± 1.15). In older adults, the simple main effect of 
HAND was found at T6 and T7 regardless of perturbation 
(12 N T6 right vs. left: 10.44 ± 3.06 vs. 7.12 ± 1.81 12 N 
T7 right vs. left: 13.51 ± 3.63 vs. 8.39 ± 2.16, 8 N T6 right 
vs. left: 9.75 ± 2.76 vs. 6.88 ± 1.72 8 N T7 right vs. left: 
12.29 ± 3.39 vs. 7.83 ± 2.04). Figure 7a shows the mean ± SD 
of MGF at each time window.

PGF rate

With respect to PGF rate during different time windows 
of the task, similar results to MGF data were found. The 
time windows demonstrating hand difference were differ-
ent between young and older adults. In older adults, the 
time windows showing hand differences were not the same 
between 12 and 8 N perturbation conditions. A four-way 
MD ANOVA found significant main effects of HAND, 
PERTURBATION, and TIME, as well as a significant 
AGE × PERTURBATION × HAND × TIME interaction (see 
Table 2). Given the four-way interaction, we performed a 
series of post-hoc analyses for a better interpretation of the 
main effect of HAND. Post-hoc analyses revealed simple 
PERTURBATION × HAND × TIME in both age groups 
(Young: F2.7,32.2 = 17.0, p < 0.001, Older: F2.2,26.9 = 5.8, 

p < 0.01), as well as a simple HAND × TIME interaction 
in both perturbation conditions regardless of age (Young 
12 N: F2.2,26.7 = 42.3, p < 0.001, Young 8 N: F1.8,21.6 = 30.2, 
p < 0.001, Older 12  N: F2.4,28.7 = 36.8, p < 0.001, Older 
8 N: F2.1,25.3 = 35.3, p < 0.001). A series of simple main 
effect analyses of HAND at each time window found the 
hand difference at in T1, T2, T4, T5, T6, and T7 in young 
adults regardless of perturbation (12 N T1 right vs. left: 
3.20 ± 1.05 vs. 0.07 ± 0.21, 12 N T2 right vs. left: 6.89 ± 3.22 
vs. 0.61 ± 0.54, 12  N T4 right vs. left: 14.80 ± 10.34 
vs. 2.58 ± 1.03, 12  N T5 right vs. left: 52.25 ± 23.44 
vs. 6.31 ± 2.48, 12 N T6 right vs. left: 81.13 ± 29.72 vs. 
21.09 ± 12.48, 12 N T7 right vs. left: 94.79 ± 40.25 vs. 
36.62 ± 28.10). In older adults, the simple main effect of 
HAND was found at T1, T2, T3, T5, T6, T7 and T1, T2, 
T5, T6, T7 in 12 N and 8 N perturbation conditions, respec-
tively (12 N T1 right vs. left: 2.83 ± 0.89 vs. 0.12 ± 0.25, 
12 N T2 right vs. left: 7.15 ± 3.16 vs. 0.66 ± 0.65, 12 N T3 

Table 2  Significant factors from rapid response analyses

MGF maximal grip force, PGF peak grip force

MGF PGF rate

Age F1,24 = 9.6
p < 0.005

–

Hand F1,24 = 43.3
p < 0.001

F1,24 = 166.1
p < 0.001

Perturbation F1,24 = 9.0
p < 0.01

F1,24 = 70.4
p < 0.001

Time F1.2,27.8 = 110.3
p < 0.001

F1.5.36.3 = 93.3
p < 0.001

Age × hand × perturba-
tion × time

F1.4,34.4 = 4.0
p < 0.05

F2.6,62.5 = 3.8
p < 0.05

Fig. 7  Maximal grip force (MGF) and PGF rate data  in each time 
window of interest (T1–T7). a MGF data for both groups, both hands, 
and both perturbation conditions. b PGF rate data for both groups, 
both hands, and both perturbation conditions
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right vs. left: 6.76 ± 3.66 vs. 2.43 ± 1.54, 12 N T5 right vs. 
left: 55.76 ± 38.71 vs. 6.72 ± 6.75, 12 N T6 right vs. left: 
96.83 ± 44.14 vs. 27.70 ± 22.92, 12 N T7: 120.22 ± 44.18 
vs. 58.76 ± 31.47, 8 N T1 right vs. left: 2.47 ± 0.93 vs. 
0.21 ± 0.37, 8 N T2 right vs. left: 4.96 ± 2.02 vs. 0.62 ± 0.76, 
8 N T5 right vs. left: 46.26 ± 33.93 vs. 5.51 ± 5.41, 8 N T6 
right vs. left: 79.74 ± 41.79 vs. 21.45 ± 18.42, 8 N T7 right 
vs. left: 99.22 ± 45.59 vs. 42.83 ± 27.08). Figure 7b displays 
these data graphically.

Discussion

The purpose of the current study was to investigate the 
effects of age on motor responses elicited by an unexpected 
perturbation during a motor task requiring coordination of 
the two hands. The kinetic data supported our first hypoth-
esis, where older adults demonstrate higher values in maxi-
mum grip force and maximum grip force rate. Our second 
hypothesis was also supported as the value of ΔGF from the 
left hand was non-zero. In addition, age-related differences 
in the L/R ratio in MGF and PGF rate supported our second 
hypothesis. Our third hypothesis was partially supported. 
While hand-based differences in MGF corresponds to long-
latency responses and volitional response phases (support-
ing our third hypothesis), the hand differences in PGF rate 
contradicted our hypothesis. In the following paragraphs, 
we will discuss how our findings are associated with reports 
from the evidence base.

Slip force changes after perturbation

Our slip force analyses revealed increases in the right-hand 
and left-hand slip forces following perturbation regardless 
of the magnitude of delivered perturbation and age. While 
the right-hand slip force increased dramatically, we also 
observed slip force increase in the left hand. Changes in load 
forces in both hands after an unexpected perturbation were 
reported by Bracewell et al. (2003). They reported that load 
force produced by each hand depends on the size of weight 
causing unexpected perturbation and the location of the 
perturbation. In their study, a profound load force increase 
was observed in the hand that corresponds to the side where 
weight was added, while load force changes–although 
smaller–were also found in the contralateral hand. Since 
the perturbation was delivered to the right side of the object 
in the current study, the right-hand slip force increase is 
mostly due to the perturbation. The increase in the left-hand 
slip force may be due to the rigidity of the object, similar 
to the Bracewell study. In support of this, a previous study 
demonstrated a redistribution of load force when a slip on 
one finger holding a manipulandum increased the tangential 

force on a non-slipping finger that was holding the same 
manipulandum (Birznieks et al. 1998).

Regardless of hand, older adults had higher slip force 
increase after the perturbation. A higher slip force in older 
adults is reported by other investigations, and age-related 
changes in skin property are considered as a contributing 
factor to increasing slip force (Cole 1991; Kinoshita and 
Francis 1996). Our analysis of the coefficient friction dem-
onstrated that older adults have lower digit friction com-
pared to young adults in the right hand. Although we did not 
assess the coefficient of friction of the left hand, we assume 
the older adults have lower digit friction in their left hand 
as well. The declining friction of skin may associate with 
declining sweat and oil secretion systems, such as a decreas-
ing number of sweat glands (Mackinnon 1954).

While a greater increase of slip force was seen in older 
adults after the perturbation, changes in load force and 
torque force were comparable between age groups. These 
observations, particularly the left hand which may have 
served as a pivot point, are not in line with findings by 
Kinoshita et al. (1997), who reported that the increase in slip 
force for a given increment in torque decreases as a function 
of tangential force. Several methodological differences may 
account for these conflicting findings. The first difference is 
with respect to the mechanism inducing the perturbation. In 
the present study, we built and used a perturbation system 
that pulls down the right side of the object, while Kinoshita 
et al. (1997) used an object that was subject to a rotation. A 
torsional slip might happen at the onset of perturbation since 
the pulling load is approximately perpendicular to the object. 
However, since our perturbation system is based on pulling, 
the characteristic of slip might transition from a torsional 
slip to a tangential slip. The second factor that may contrib-
ute to these contradicting findings is that the contact point of 
the fingertip relative to the device surface may have moved. 
As mentioned above, redistribution of the load force might 
occur due to the nature of the task. Such redistribution of the 
load force may induce a tangential slip at the fingertip and 
shift the center of the contact point. In addition, the left hand 
was free to move in the space in our study. The contacting 
surface was covered with a sandpaper in order to increase the 
fingertip friction at the contact site. Because of the higher 
friction, the left hand might move from the original position 
when the perturbation system was pulling the object.

Rapid grip force responses in perturbed 
and indirectly perturbed hands

We demonstrated rapid grip force responses in the perturbed 
hand, regardless of age. Maintaining grip force slightly 
higher than load force is critical in successful object manipu-
lation (Johansson and Westling 1984). In response to unex-
pected increase in load force, the grip force rapidly increases 
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to restore the relationship with the load force where the 
grip force is higher than the increased load force (catch-up 
response) (Johansson and Westling 1988). The post-pertur-
bation catch-up response is scaled based on the magnitude 
of load force increase (Johansson et al. 1992a, b). After the 
post-perturbation catch-up response, the grip force changes 
in proportion to the changes in load force (Johansson et al. 
1992c). These responses are disrupted when afferent feed-
back is diminished, suggesting the significance of sensory 
feedback in restraining “active” objects (Johansson et al. 
1992a, b). As both groups exhibited intact tactile sensory 
function (Fig. 2a), the rapid grip force responses in the per-
turbed hand may be triggered by afferent feedback conveying 
information related to load force.

We also demonstrated similar results in the indirectly 
perturbed (left) hand, although the responses were smaller 
compared to the perturbed (right) hand, consistent with prior 
work in this area (Bracewell et al. 2003; Ohki and Johans-
son 1999). Ohki and Johansson (1999) observed twitch-
like responses in the non-perturbed hand approximately 
15 ms after the grip force response in the perturbed hand. 
They argued that the responses in the non-perturbed hand 
were triggered by sensory information originated from the 
perturbed hand, suggesting that sensory input crossed the 
midline at a certain level of central nervous system. In our 
study, the responses in the indirectly perturbed (left) hand 
were more than a muscle twitch as higher grip forces than 
grip forces before perturbation were maintained during 
the period of load force delivery. Motor task context may 
attribute to the different responses in the indirectly perturbed 
hand, since Ohki and Johansson (1999) conducted a motor 
task that did not require coordination of the two hands. 
Several upper-limb investigations examining rapid motor 
responses to unexpected perturbations have demonstrated 
that the responses in the non-perturbed extremity depends 
on the goal of motor task (Diedrichsen 2007; Dimitriou et al. 
2012; Mutha and Sainburg 2009). Specifically, perturbations 
while manipulating two independent objects did not elicit 
responses in the non-perturbed arm; however, perturbations 
during the single shared object condition elicited responses 
in the non-perturbed arm, such as contributing to compen-
sate the perturbation and bring the object/cursor to the tar-
get (Diedrichsen 2007). Similar investigations also reported 
contributive responses in the non-perturbed hand at a time 
corresponding to the long-latency responses and argued that 
such responses meditate transcallosal circuits (Mutha and 
Sainburg 2009).

The responses observed in the left hand may be triggered 
only by the increase slip force in the left hand, as our slip 
force analysis found slip force changes in the left hand. How-
ever, we decline that possibility and argue that the left hand 
responses are cortically meditated responses as the latency 
of left hand corresponded to volitional responses (Fig. 4a) 

(Macefield and Johansson 2003). Several studies examined 
the effects of load force rate on the latency and demonstrated 
that the onset of grip force response is inversely related to 
the load force rate (Cole and Abbs 1988; Cole and Rotella 
2001; Johansson et al. 1992a, b). The latency of the left hand 
in 8 N perturbation condition was approximately 140 ms 
while peak slip force rate 10 N/s. The latency following a 
unilateral 8 N/s pulling loads applied to tangential to the 
skin of the digits was 108 ± 13 ms (Johansson et al. 1992). 
The latency of the left hand should be slightly faster than the 
latency reported by Johansson et al. (1992a; b) if the rapid 
response of the left hand was triggered by the left-hand slip 
force change.

Underlying causes of age‑related differences 
in bimanual rapid grip force response

Age-related changes in rapid grip force responses were dem-
onstrated previously (Cole and Rotella 2001); however, the 
examination of effects of aging on rapid grip force responses 
was limited to a one-hand condition. Our study extends this 
investigation by employing a bimanual motor task requir-
ing a coordination of two hands. Older adults in our study 
showed higher values in the maximal grip force and maximal 
grip force rate regardless of hand.

A recent investigation demonstrated that the initial rapid 
motor responses are triggered by proprioceptive feedback, 
and the contribution of tactile feedback in the rapid motor 
responses began later (Crevecoeur et al. 2017). Age-related 
declines in proprioception and tactile resolution in hands are 
reported (Kalisch et al. 2012; Stevens 1992). The decline in 
somatosensory function may attribute to age-related changes 
in mechanoreceptors. Regarding to proprioception, older 
adults demonstrated less accurate proprioception in proxi-
mal and distal joints (Adamo et al. 2009, 2007; Wright et al. 
2011). Such age differences in proprioception may be attrib-
uted to an increase in muscle spindle capsular thickness, 
a decreased muscle spindle diameter, a decreased muscle 
spindle sensitivity, and a declined joint mechanoreceptors 
density (Aydoğ et al. 2006; Kararizouet al. 2005; Kim et al. 
2007; Morisawa 1998; Swash and Fox 1972). The declines 
in tactile sensation may be caused by a density reduction of 
the Meissner’s corpuscles and Merkel cells, changes in the 
placement, size, and morphology of these mechanoreceptors 
(Bruce 1980; García-Piqueras et al. 2019). Since the endings 
of rapidly adapting type 1 and slowly adapting type 1 units 
are Meissner’s corpuscles and Merkel cells, respectively, 
and these two units respond to localized slips, age-related 
alteration in these mechanoreceptors may lead to impaired 
and misestimated slip detection (Johansson and Westling 
1987). Although the assessment of proprioception was not 
done in the current study, we demonstrated higher tactile 
sensory threshold in older adults compared to young adults 
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(Fig. 2a). Thus, it is possible that age-related low resolution 
of somatosensory information may reduce response gain 
(Johansson et al. 1992a, b).

Beyond the peripheral changes, central nervous system 
alteration, such as sensory processing impairment, may 
lead to the age-related differences in the rapid grip force 
responses. Sensory processing speed and accuracy decline 
as people age (Master et al. 2010). These declines in sensory 
processing in older adults may be associated with functional 
remodeling in brain regions responsible in somatosensory 
information processing. Higher excitability of primary 
somatosensory cortex and an enlarged somatosensory cor-
tex area representing hand are reported in older adults along 
with impaired tactile acuity (Kalisch et al. 2009; Lenz et al. 
2012). Intercortical inhibition may also be declined in older 
adults as they had decreased cortical activation in contralat-
eral secondary somatosensory cortex and cingulate cortex 
during simple tactile stimulation, while increased cortical 
activation was found in ipsilateral primary somatosensory 
cortex (Brodoehl et al. 2013).

Decline in attentional capacity is another potential under-
lying mechanism leading to age differences in bimanual 
motor responses. A strong link between cognitive and sen-
sorimotor functions in older adults are reported using a dual 
task paradigms (Li and Lindenberger 2002). Dual-tasking 
tasks have been demonstrating the demand of attention 
in voluntary movements including compensatory motor 
responses following an unexpected perturbation. Lower 
extremity investigations suggested attentional demands in 
compensatory stepping response following unexpected per-
turbations (Brauer et al. 2002). Although it is unclear to 
what extent the rapid grip force responses require attentional 
resources, it is plausible that the rapid grip force responses 
in older adults were influenced by impairment in sensory 
processing and attentional capacity.

L/R Ratio data suggested that older adults recruited the 
indirectly perturbed hand more than young adults to stabilize 
the object. Dimitriou et al. (2012) suggested that bilateral 
rapid motor responses are the sophisticated responses based 
on integrating sensory information arising from two extremi-
ties. As sensory information transfers to the contralateral 
hemisphere via corpus callosum, alteration in corpus callo-
sum associated with aging may also contribute in the differ-
ences in bimanual rapid motor response between young and 
older adults. For instance, impairment in utilizing sensory 
information to guide the contralateral limb is reported in 
older (Adamo et al. 2007, 2009). It has been argued that 
age-related morphological changes in corpus callosum are 
responsible in such the impairment in an interhemispheric 
transformation of sensory information (Schaap et al. 2015). 
Central and posterior regions of corpus callosum are critical 
in sensory information transfer since axons from primary 
and sensory somatosensory cortices cross the two regions. 

(Fabri et al. 2014; Fabri and Polonara 2013). A recent inves-
tigation found microstructural changes along with aging in 
posterior corpus callosum (Fan et al. 2019). These changes 
might add noises to the crossed sensory information and lead 
to a miscalculation of the perturbation magnitude.

Different timing of hand differences in early rapid 
motor response

In contrast to our hypothesis #3, the analysis of PGF rate 
demonstrated that the value of right hand was higher than 
left hand at the stable phase and 30 ms after the perturbation 
in both age groups. Greater fatigue in the right hand due 
to the right-side biased perturbation may be attributed to 
higher maximum grip force rate in the right hand. Fatigue 
disrupts the coupling of grip force and load force (Todd et al. 
2010). The declined ability to produce constant submaximal 
grip force due to fatigue is also reported by other investiga-
tions (Maluf et al. 2005; Tarkeshwar Singh et al. 2010). The 
effects of fatigue on a precise grip force control using mul-
tiple fingers have been found to be independent from aging 
(Singh et al. 2013).

The perturbations were limited to the right hand, hence 
subjects produced higher grip force with the right hand when 
perturbations were delivered (Fig. 3). Such bias on the per-
turbation might induce greater fatigue in the right hand than 
left hand, eventually enhancing grip force fluctuation dur-
ing the stable phase. The greater grip force fluctuation in 
the right hand can lead to higher values of PGF rate in the 
right hand since the PGF rate is the first derivative of grip 
force. We included 5 s and 3 min rest intervals between tri-
als and between sets, respectively, to minimize the effects of 
fatigue on the performance. However, the interval might not 
be adequate to minimize the effects of fatigue on constant 
force production.

Although preliminary investigations suggest that the fatigue 
can changes reflex responses, it is questionable whether those 
reports are applicable to our study. Hallmarks of fatigue are 
observed at peripheral and central level (Allen et al. 2008; 
Gandevia 2001). For instance, fatigue attributes to disruptions 
of excitation–contraction coupling in neuromuscular junction. 
The disruption of excitation–contraction coupling are due, in 
part, to changes in extracellular and cytoplasmic sides of  K+ 
concentration (Juel et al. 2000; Sjogaard et al. 1985). Such 
changes suppress the excitability of muscles and ultimately 
lead to recruitment of motor units that were not initially 
recruited. This also leads to a decrease in motor unit firing 
rate (Enoka and Stuart 1992; Gandevia 2001; Overgaard and 
Nielsen 2001; Overgaard et al. 1999). Decreased firing rate 
of motor units may be due to central fatigue at spinal level 
associated with changes in afferent input from muscles (Gan-
devia 2001). Changes in short- and long-latency responses 
were reported following fatigue in muscle spindles; however, 
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it should be noted that such changes in reflex responses were 
observed after a minimum 30-s of maximum voluntary con-
traction (Balestra et al. 1992; Hagbarth et al. 1995). As per-
turbations lasted only 500 ms in our study, we assume that our 
subjects exerted the highest pinch force less than 1 s as young 
and older adults seem to terminate force production immedi-
ately after the end of increasing load forces (Cole and Rotella 
2001, from visual inspectino of Fig. 3 in this reference).

The analysis of rapid motor response at different time win-
dows revealed that the timing of hand differences is different 
between young and older adults. The analysis of maximum 
grip force between right hand and left hand in prior to the 
perturbation were comparable regardless of age in both per-
turbation conditions. However, the hand differences became 
prominent in 91–120 ms and 121–150 ms intervals in young 
and older adults, respectively, suggesting that older adults 
responded to the perturbation slower than young adults. This 
result is in line with the previous investigation demonstrating 
age differences in the onset of rapid motor response following 
unexpected perturbation (Cole and Rotella 2001). The onset of 
rapid motor response is affected by the rate of load force and 
sensory input (Johansson et al. 1992a, b). Since same pulling 
load forces are delivered to both age groups, the age differ-
ences in the onset of rapid motor response may be due to a 
higher threshold of the sensory registration due to age-related 
changes in the somatosensory system (Shaffer and Harrison 
2007).

Conclusion

Although the rapid grip force responses were scaled based 
on the magnitude of perturbation, we demonstrate that older 
adults recruit the indirectly perturbed (left) hand more than 
young adults and might be due to age-related changes in 
peripheral and central levels. However, it is unknown to what 
extent each level contributes to the more recruitment of the 
indirectly perturbed (left) hand. Such questions may be inter-
esting to address in the future studies.
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