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Abstract
The aim of this study was to assess the spatial stability of stroke patients while holding a freely movable object. Twenty-
two acute stroke patients with mild hand impairment performed a grip and lift task using the thumb and index finger. The 
displacement of the center of pressure (COP) trajectory, the grip force (GF) and several clinical parameters were monitored. 
Although the GF was not different between paretic and nonparetic hands, the COP trajectory of the paretic index finger was 
increased. Moreover, the COP trajectories of the thumb and index finger in hemorrhagic patients were longer than those in 
ischemic patients. These discrepancies between kinetic parameters suggest that different aspects of grip force control may 
be considered in patients with mild stroke.
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Introduction

Grip force (GF) control while holding an object is the fun-
damental basis of hand function. Healthy subjects produce a 
minimal GF to optimize sensory information from the finger 
pads to conserve energy. On the other hand, stroke patients 
use a higher GF in the paretic hand. Exaggerated GF is con-
sidered to be a strategic response to sensory deficits (Nowak 
and Hermsdörfer 2005), and decreased force output con-
trol and selective activation of hemiparetic muscles caused 
by damage to the corticospinal system (Lang and Schieber 
2009). Moreover, an exaggerated GF also implies altered 
cortical control of grasping. A previous study reported that 
nonparetic hands had a higher GF after stroke (Quaney et al. 
2005), and deficits in sensorimotor processing or slowed 
motor learning are suggested as possible causes.

In addition to the GF amplitude referred to above, altered 
temporal regulation has been studied after stroke. For exam-
ple, stroke patients demonstrated a delay between the onset 
of GF and onset of the upward lift force in paretic hands 
(McDonnell et al. 2006). After an object was lifted, there 
were irregular fluctuating forces and reduced safety mar-
gin adaptation (Blennerhassett et al. 2006). When patients 
were asked to track the GF according to visual instruction, 
they were unable to smoothly increase and decrease the GF 
(Grichting et al. 2000).

In contrast to the numerous studies on the GF amplitude 
and its temporal regulation, studies on the force direction 
(Marquardt and Li 2013) in stroke patients are limited. Apart 
from a study on force direction during power grip (Enders 
and Seo 2015), stroke patients were found to demonstrate a 
more deviated fingertip force direction in the paretic hand 
than in the nonparetic hand (Seo et al. 2010). The deviated 
force direction can cause spatial instability such as unwanted 
object rotation or finger slipping.

The purpose of this study was to examine the fingertip 
force direction in more natural reach-to-grasp movement. 
The spatial stability while holding a freely movable object 
by stroke patients was assessed. We monitored the total 
length of the center of pressure (COP) trajectory of the area 
between the finger pad and contact surface based on bio-
mechanical relationships suggesting that the COP displace-
ment can be caused by deviated force direction during the 
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lifting and holding of an object (Parikh and Cole 2012). One 
technical challenge in monitoring COP trajectory within a 
fingertip is spatial resolution. To resolve this challenge, we 
used a pressure sensor sheet with a high spatial resolution of 
248 sensels per square cm. We considered the high spatial 
resolution sheet sensor to be useful to monitor the trajectory 
within a fingertip. Additionally, the relationships between 
the kinetic parameters in the paretic hand and clinical tests 
were assessed.

Methods

Subjects

Twenty-two patients diagnosed with stroke (15 males and 
7 females, 67.1 ± 13.0 years, 14 ischemic and 8 hemor-
rhagic) admitted to a district general hospital were recruited 
(Table 1). Nine patients had lesions in the right hemisphere 
and 13 had lesions in the left hemisphere. The inclusion 
criteria were (1) the occurrence of first ischemic or hemor-
rhagic hemispheric stroke; (2) mild/moderate upper extrem-
ity impairment (Fugl-Meyer Assessment Scale for Upper 
Extremity, UE-FMA ≥ 32/66) (Hoonhorst et al. 2015); (3) 
ability to perform the holding task with the thumb and index 
finger, and (4) ability to follow commands. The exclusion 
criteria were (1) cerebellar lesion, (2) poor physical condi-
tion, or (3) clinical signs of motor apraxia/spatial neglect. 

The average time after the onset of stroke was 5.9 ± 3.5 days. 
All patients were admitted in the acute phase and underwent 
rehabilitation. To evaluate the sensorimotor control in the 
nonparetic hand after stroke, data on 21 healthy controls (3 
males and 18 females, 78.5 ± 5.6 years) were also collected.

Handedness prior to stroke was evaluated with the Edin-
burgh Handedness Inventory (EHI, mean laterality quotient: 
91.5). Informed consent was obtained prior to the study. This 
study was approved by the University Ethical Review Board 
for Medical Research Involving Human Subjects.

Grip and lift task

The experimental procedure was similar with that in a pre-
vious study (Westling and Johansson 1984). The patients 
sat on a chair/wheelchair facing a height-adjustable table, 
and patients’ finger pads were wiped with an alcohol swab 
to reduce inter-individual variability in finger skin friction. 
An iron cube (250 g, 31 × 31 × 31 mm) was placed on the 
table 30 cm from the patient in the midsagittal plane. A ver-
bal instruction was given to grip the cube using the thumb 
and index finger, lift approximately 10 cm, and hold for 
5–7 s. The patients were also instructed to use minimal force 
to perform the task. Before each lift, patients were allowed 
to touch the cube slightly without exceeding 0.5 N. Ten lifts 
were performed for each hand, and the interval between lifts 
was approximately 5 s. A maximum of five lifts was per-
formed as practice, but practice trial was stopped early when 

Table 1  Characteristics of the participants

Values in bold indicate significant difference
EHI Edinburgh Handedness Inventory, LQ laterality quotient, UE-FMA Fugl-Meyer assessment scale for Upper Extremities (range 0–66)
a Chi-square test
b Mann–Whitney test
c Sum of two values from thumb and index finger

Stroke group Control (n = 21) p r

Ischemic (n = 14) Hemorrhage (n = 8) All (n = 22)

Mean ± SD Mean ± SD p r Mean ± SD Mean ± SD

Age 68.4 ± 11.9 64.6 ± 15.2 0.52 0.14 67.1 ± 13.0 78.5 ± 5.6 < 0.01 0.57
Sex (M/F) a 9/5 6/2 1.00 0.11 15/ 7 3/18 < 0.01 0.55
EHI (LQ) b 95.6 ± 13.3 88.7 ± 40.8 0.73 0.07 91.5 ± 32.1 93.6 ± 10.5 0.16 0.21
Location of stroke (R/L) a 6/8 3/5 1.00 0.05
Cutaneous threshold paretic (g) b, c 1.3 ± 1.2 78.6 ± 210.6 < 0.01 0.72
Non-cutaneous threshold paretic (g)b, c 0.7 ± 0.5 1.6 ± 1.4 0.05 0.41
Trail making test A (s) 169.2 ± 62.7 207.2 ± 108.0 0.36 0.23
Trail making test B 201.8 ± 80.1 253.0 ± 164.1 0.38 0.22
Peg test paretic (s) b 39.4 ± 27.2 38.8 ± 13.8 0.97 0.01
Non-peg test paretic (s)b 23.8 ± 6.0 24.7 ± 2.0 0.71 0.12
UE-FMA (score) b 62.1 ± 5.6 60.1 ± 4.5 0.05 0.42
Onset time (day) 5.2 ± 2.7 7.1 ± 4.5 0.29 0.33
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patients reported full understanding of the task. Half of the 
patients performed the first session with the paretic hand and 
the other half with the nonparetic hand.

Materials

Two pressure sensor sheets (Pressure Mapping Sensor 5027, 
Tekscan, South Boston, MA, USA) were attached to the grip 
surfaces of the cube. The sensor had a sensing area of 27.9 
by 27.9 mm with 1936 sensing elements (sensels) distributed 
over 44 rows and 44 columns, a thickness of 0.1 mm, a spa-
tial resolution of 248 sensels per square cm and a sensitivity 
range of 0–345 KPa for each sensel. Before each recording, 
the sensor sheet was equilibrated and calibrated using the 
test instrument. The pressure distributions were recorded 
with a frequency of 100 Hz in 8-bit resolution using I-Scan 
100 System (Nitta, Japan).

Three kinetic parameters were used to quantify the sen-
sorimotor control of grasping; the COP trajectory (mm/4 s), 
mean GF and maximal GF (N). For each lift, the onset was 
calculated as the time when the force of 0.5 N was initially 
loaded on a sensel. The COP is the center of all the forces 
in the X- and Y-axes at each recording point, representing 
how the forces are balanced on the sensor sheet. The COP 
trajectory was calculated from the total length of the COP 
displacement during the first 4 s. The mean GF was then 
calculated from the sum of the pressure in all 1936 sensing 
elements during the first 4 s. The maximal GF was defined 
as the peak GF during the first 4 s.

Clinical tests

Several clinical tests were used to characterize the patients. 
The cutaneous pressure threshold of the thumb and index 
finger pads was assessed with Semmes-Weinstein Mono-
filaments, which apply target forces of 0.07, 0.4, 2.0, 4.0 or 
300 g. The lowest perceived monofilament was considered 
normal and higher monofilaments indicate severe sensory 
disturbance. Trail-making A- and B-tests (TMT A/B) were 
used to assess the relationship between kinetic parameters 
and cognitive function, respectively, to evaluate basic and 
higher-order executive abilities (Tamez et al. 2011). In addi-
tion, the upper extremity function was evaluated using a peg 
test. The peg test protocol was similar to nine-hole peg test 
which involves grasping a peg out of multiple pegs in a con-
tainer, placing the peg in a hole, and repeating it for 9 pegs, 
and unload them one by one back to the container (Mathio-
wetz et al. 1985). In the present study, on the other hand, 12 
pegs (15 × 50 mm, diameter/height) were already placed in 
the pegboard, the patients reached and pinched a peg, and 
moved it up and down in any order. The time to complete 
the test (s) was measured.

Statistical analysis

The intra-subject repeatability was assessed using intra-rater 
reliability (ICC) for each hand. Assumptions of distribu-
tional normality were tested using the Shapiro–Wilk test, 
and as a result, normality was not satisfied in the EIH, the 
cutaneous pressure threshold, the peg test and UE-FMA.

Differences between control and stroke groups, and 
ischemic and hemorrhage patients were examined using the 
unpaired t test, Chi-square test (sex and location of stroke) 
and Mann–Whitney test (EHI, the cutaneous pressure thresh-
old, the peg test and UE-FMA). In order to compare the 
baseline characteristics between stroke and control groups, 
a three-way analysis of variance (ANOVA) was performed 
for the COP trajectory, the mean GF and the maximal GF. 
The factors were ‘hand’ with two levels (nonparetic hand in 
the stroke group and dominant hand in the control group), 
and ‘sex’ with two levels (male and female). Because age 
could affect GFs, age was therefore included as a covariate. 
If there was no main effect of ‘hand’, patients were assumed 
to be able to control their nonparetic hand normally.

Secondly, a two-way ANOVA was used to investigate 
differences within the stroke group. The factors were ‘pare-
sis’ with two levels (paretic and nonparetic hand) and ‘type’ 
with two levels (ischemic and hemorrhagic). To analyze the 
change in applied forces in detail, we divided the 4 s into 
the first two and last two seconds, indicating the lifting and 
holding phases, respectively (Johansson and Flanagan 2009).

Associations between kinetic parameters in the paretic 
hand and other tests were examined. Total values were cal-
culated by summing the two fingers (three kinetic parameters 
and the cutaneous threshold). The statistical software SPSS 
ver. 23.0J for Windows (SPSS Japan., Tokyo, Japan) was 
used for the analysis. Effect sizes were reported as r for the 
unpaired t test, Chi-square test and Mann–Whitney test, and 
η2 for the ANOVA analysis. Values of p < 0.05 were consid-
ered significant.

Results

Figure 1 shows the COP trajectories (A) and the GF traces 
(B) for a representative patient. In Fig. 1a, the blue color 
indicates the area of finger pad contact, and the gray line 
indicates the COP trajectory during a single grip and lift 
task. The COP trajectories of the paretic hand were relatively 
long. Moreover, the GFs in the paretic hand decreased with 
the holding time, and the GF traces were therefore unstable.

The COP trajectory in paretic and nonparetic hands dem-
onstrated substantial intra-rater reliability (ICC (1, 1) = 0.62 
and 0.78, respectively). The mean GF and the maximal GF 
were also reliable (mean ICC (1, 1) = 0.89, range 0.85–0.90).
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Table  1 shows the results of comparisons between 
control and stroke groups, and ischemic and hemorrhage 
patients. In addition, age ranges were 45–86 years (stroke 
group), and 68–89 (control group). The EHI ranges were 
− 47 to 100 (stroke group), and 80–100 (control group). 
The score range of UE-FMA were 45–66 (ischemic), and 
53–66 (hemorrhage). The average age and female ratio 
were significantly higher in the control group. Moreover, 
the cutaneous pressure threshold for the paretic hand was 
higher in hemorrhage patients.

Table 2 shows the results of comparisons between the 
stroke and control groups. The three-way ANOVA did not 
reveal any significant main effect or interaction. Although 

the effect of age was observed in GFs (P = 0.07–0.08), the 
effect did not reach statistical significance.

Table 3 shows the results of comparisons among stroke 
patients. The two-way ANOVA revealed a significant main 
effect of paresis in the index finger COP trajectory (first 2 s: 
F1, 40 = 4.23, P = 0.04; last 2 s F1, 40 = 7.09, P = 0.01), and 
a main effect of stroke type in thumb (first 2 s: F1, 40 = 7.57, 
P < 0.01; last 2 s F1, 40 = 8.94, P < 0.01) and index finger 
COP trajectories (first 2 s: F1,40 = 5.84, P = 0.02; last 2 s 
F1, 40 = 5.31, P = 0.02). However, the analysis did not reveal 
a significant interaction between paresis and stroke type. 
The results consistently presented a functional disadvantage 
in the paretic hand (vs. nonparetic hand) and hemorrhagic 
stroke (vs. ischemic type).

Fig. 1  The center of pressure (COP) trajectories on the last frame (a) and the grip force traces (b) for a representative patient. In a, the blue color 
indicates the area of finger pad contact, and the gray line indicates the COP trajectory during a single grip and lift task

Table 2  Effects of hand, age or sex on kinetic parameters based on three-way ANOVA

NS not significant

Nonparetic hand 
(stroke group)

Dominant hand 
(control group)

Hand effect Age effect Sex effect Interaction

F value P value η2 F value P value η2 F value P value η2

COP trajectory (mm/4 s)
 Thumb 15.9 ± 5.8 16.5 ± 4.7 1.89 0.17 0.04 1.43 0.23 0.03 1.99 0.16 0.05 NS
 Index finger 16.7 ± 9.2 15.4 ± 5.4 0.47 0.49 0.01 0.31 0.57 0.01 0.48 0.49 0.01 NS

Mean grip force (N)
 Thumb 7.8 ± 4.9 6.5 ± 2.5 0.91 0.34 0.02 3.25 0.08 0.07 0.92 0.34 0.02 NS
 Index finger 7.9 ± 4.3 8.3 ± 2.7 0.77 0.38 0.02 3.40 0.07 0.07 1.40 0.24 0.03 NS

Maximal grip force (N)
 Thumb 9.6 ± 6.2 7.9 ± 2.9 0.83 0.36 0.02 3.08 0.08 0.06 1.13 0.29 0.02 NS
 Index finger 9.1 ± 4.7 9.9 ± 3.1 0.74 0.39 0.02 3.39 0.07 0.07 1.74 0.19 0.04 NS
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The COP trajectory in the paretic hand was nega-
tively correlated with the mean/maximal GFs, and the 
COP trajectory in the paretic thumb positively correlated 
with the cutaneous pressure threshold. Moreover, four of 
six kinetic parameters were correlated with the TMT-B 
(Table 4).

Discussion

We found that the spatial stability while holding a freely 
movable object is altered after stroke. Although the mean/
maximal GFs were not significantly different from the non-
paretic hand, the COP trajectory was increased after stroke. 
Moreover, the kinetic parameters were correlated with the 
TMT-B, implying a relationship between the kinetic altera-
tion and cognitive flexibility.

Table 3  Effects of paresis or stroke type on kinetic grasp parameters based on two-way ANOVA

Values in bold indicate significant difference
NS not significant

Ischemic Hemorrhagic Paresis effect Type effect Interaction

Paretic Nonparetic Paretic Nonparetic F value P value η2 F value P value η2

COP trajectory (mm)
 Thumb first 2 s 9.9 ± 4.5 10.0 ± 2.4 13.3 ± 3.8 13.4 ± 4.9 < 0.01 0.96 < 0.01 7.57 < 0.01 0.16 NS
 Thumb last 2 s 4.1 ± 1.9 4.2 ± 1.7 8.6 ± 5.4 5.3 ± 2.8 2.90 0.09 0.05 8.94 < 0.01 0.17 NS
 Index finger first 2 s 12.7 ± 4.6 10.7 ± 4.6 20.3 ± 11.7 13.4 ± 7.2 4.23 0.04 0.08 5.84 0.02 0.12 NS
 Thumb last 2 s 6.3 ± 3.0 4.7 ± 3.7 14.1 ± 12.4 5.6 ± 3.6 7.09 0.01 0.13 5.31 0.02 0.10 NS

Mean grip force (N)
 Thumb first 2 s 7.6 ± 4.0 7.9 ± 5.0 7.1 ± 3.9 6.9 ± 4.0 < 0.01 0.94 < 0.01 0.27 0.60 0.01 NS
 Thumb last 2 s 7.4 ± 3.9 8.2 ± 6.0 7.2 ± 4.6 7.5 ± 4.2 0.16 0.68 < 0.01 0.09 0.76 < 0.01 NS
 Index finger first 2 s 7.8 ± 4.2 7.7 ± 3.7 6.6 ± 3.8 7.6 ± 4.5 0.15 0.69 < 0.01 0.26 0.61 0.01 NS
 Thumb last 2 s 7.5 ± 4.4 8.2 ± 4.7 6.8 ± 3.9 8.3 ± 4.8 0.55 0.46 0.01 0.05 0.81 < 0.01 NS

Maximal grip force (N)
 Thumb first 2 s 9.8 ± 5.0 9.6 ± 6.2 8.8 ± 5.4 8.3 ± 5.0 0.43 0.83 < 0.01 0.42 0.51 0.01 NS
 Thumb last 2 s 8.5 ± 4.5 8.8 ± 6.4 8.0 ± 5.3 8.1 ± 4.6 0.01 0.89 < 0.01 0.13 0.71 < 0.01 NS
 Index finger first 2 s 9.7 ± 5.0 9.1 ± 4.7 8.3 ± 4.9 9.0 ± 5.4 < 0.01 0.95 < 0.01 0.20 0.65 0.01 NS
 Index finger last 2 s 8.2 ± 4.7 8.5 ± 4.9 7.7 ± 4.6 8.8 ± 5.1 0.21 0.64 0.01 < 0.01 0.94 < 0.01 NS

Table 4  Correlations between parameters from paretic hand based on Pearson’s correlation

Values in bold indicate significant correlation
* p < 0.05; **p < 0.01
a Spearman’s correlation

Mean GF Maximal GF Cutaneous thresh-
old a

TMT-A TMT-B Peg test a UF-FMA a Onset time

Thumb Index Thumb Index Thumb Index

COP trajectory
 Thumb − 0.49* − 0.41 − 0.45* − 0.43* 0.59** 0.59** 0.04 0.53* 0.03 − 0.24 − 0.03
 Index finger − 0.37 − 0.50* − 0.43* − 0.49* 0.04 0.05 0.04 0.16 0.01 − 0.27 − 0.11

Mean grip force
 Thumb 0.92** 0.90** 0.91** − 0.12 − 0.12 0.31 − 0.54** − 0.17 − 0.13 0.43*

 Index finger 0.90** 0.97** − 0.05 − 0.05 0.27 − 0.45* − 0.21 − 0.07 0.44*

Maximal grip force
 Thumb 0.94** − 0.07 − 0.08 0.32 − 0.38 − 0.13 − 0.16 0.49*

 Index finger − 0.07 − 0.07 0.27 − 0.45* − 0.12 − 0.13 0.50*
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The COP trajectory within the fingertip in stroke patients 
was found to be reliable. Traditionally, the COP displace-
ment on a force plate under the feet has been used for evalu-
ating postural stability (Palmieri et al. 2002). However, 
there were technical difficulties in adapting this technique 
for quantifying hand function because of the limits of spatial 
resolution. To resolve this problem, we used a high spatial 
resolution pressure sensor, which was useful to monitor the 
COP trajectory within the fingertip. We expect the COP 
trajectory to serve as an objective index for evaluating the 
spatial stability of grasping.

Although the mean/maximal GFs were not significantly 
different, the COP trajectory was increased in the paretic 
hand. This discrepancy is consistent with a previous study 
that analyzed multiple grip-lift parameters in patients with 
stroke (McDonnell et al. 2006). They found no significant 
differences in maximal or average GFs. In contrast, the 
temporal regulation (time between the onset of GF and 
onset of load force) was disrupted in the affected hand. 
Their results were from patients with mild stroke (mean 
UE-FMA: 48.2/66), although their patients showed a more 
severe level of motor impairment than our patient population 
(61.0 ± 5.2). These discrepancies between temporal/spatial 
regulation and GF amplitudes suggest that different aspects 
of grip force control may be considered in patients with mild 
stroke.

The age effect on the kinetic parameters was not found 
between the control and stroke groups. It is known that the 
GF increases with age (Cole. 1991). For example, Kinoshita 
and Francis (1996), who compared force parameters of two 
groups of elderly adults (69–79 years and 80–93 years) and a 
group of young adults (18–32 years), found that force param-
eters for the 80–93 year group increased, on average, 10% 
compared with the group aged 69–79 years. However, the 
age effect did not reach statistical significance in the present 
study, despite the control grip is more than 11 years older 
than the patient group. One potential reason may be that 
the age effect was reduced because of increased GF in the 
nonparetic hand of acute stroke patients. This observation is 
consistent with the previous study that reported a higher GF 
in the nonparetic hands of chronic stroke patients (Quaney 
et al. 2005).

The key finding in the present study is that the COP 
trajectory only increased in the index finger. The reason 
is unclear at this time, but one underlying cause may be 
spastic movement in the index finger after stroke. A study 
comparing stretch reflexes in thumb and finger flexors after 
stroke found that the responses of the paretic finger flexors 
were elevated than those in thumb flexors (Towles et al. 
2010). The study suggested that spinal motoneurons of 
the finger flexors may have a lower activation threshold or 
were associated with a higher reflex loop gain. Previous 
studies also reported that hyperexcitability of the flexor 

muscles occurred in the paretic index finger (Kamper and 
Rymer 2001; Cruz et al. 2005), and this abnormal muscle 
tone may alter the grip force direction (Seo et al. 2010). 
This may account for subsequent slipping, rolling or twist-
ing between the fingertip and the object. As a result, simul-
taneous displacement of the COP occurred.

The present study provides new knowledge on the 
kinetic difference between ischemic and hemorrhagic 
stroke. The COP trajectories of the thumb and index finger 
were longer after hemorrhagic stroke (Table 3). Our obser-
vation is consistent with previous studies that reported 
severe impairment on average after hemorrhagic stroke, 
such as high Glasgow Coma Scale score in the acute stage 
and lower Functional Independence Measure score, on 
admission to a rehabilitation facility (Kelly et al. 2003; 
Wei et al. 2010).

Considering the positive correlation between the COP tra-
jectory and cutaneous pressure threshold in the paretic hand 
(Table 4) and severe sensory impairment in hemorrhagic 
stroke (Table 1), the lack of sensory information may be 
related to the COP trajectory. It is known that the loss of sen-
sation under local cutaneous anesthesia results in increased 
GF (Augurelle et al. 2003). In addition, the lack of sensory 
information in stroke patients is correlated with pinch grip 
deficit (Blennerhassett et al. 2007). Thus, it is reasonable to 
assume that the lack of sensory information may be related 
to incomplete grip force coordination after stroke.

The kinetic parameters were correlated with the TMT-B 
time, suggesting that grip control is not only related to soma-
tosensory function, but also to cognitive function. The com-
mon feature of precision grasp and the TMT is eye and arm 
coordination. In a precision grasp task, the patients need to 
fix the target, reach their arm and maintain a hold on the 
cube. During this object manipulation process, hand–eye 
coordination is essential (Johansson et al. 2001). Indeed, 
as long as there is visual information, force control can be 
still maintained even if digit sensibility is impaired (Jen-
malm and Johanssen 1997). The TMT task also requires 
a similar process that depends on a visual–spatial search 
and hand–eye coordination (Ble et al. 2005). Of note, there 
was no correlation between the kinetic parameters and the 
TMT-A. A similar result was seen in a walking task. Alex-
ander et al. (2005) developed a walking trail making test in 
which participants step on instrumented targets with increas-
ing sequential numbers (i.e., 1-2-3; Walking TMT-A), and 
increasing sequential numbers and letters (ie. 1-A-2B; Walk-
ing TMT-B). They found that the Walking TMT-A/B was 
highly correlated with the paper TMT-B but not the paper 
TMT-A in the older group. Another study found a similar 
association between the paper TMT-B (vs. TMT-A) and 
lower extremity function (Binder et al. 1999). Cognitive flex-
ibility may partially account for the spatial stability during 
precision grasping in stroke patients.
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One limitation of this study is that the biomechanics of 
the COP trajectory are unknown. A slip, roll or twist between 
the finger pads and contact area is considered to result in 
COP displacement (Yamada et al. 2011). Future studies ana-
lyzing three-dimensional grasping movement may clarify 
the biomechanical factors affecting the COP displacement. 
Furthermore, no relationship between the kinetic parameters 
and the upper extremity function (the peg test) was found in 
this study, possibly because of our experimental condition. 
During the peg test, the patients were allowed to use a com-
pensatory strategy (Michaelsen et al. 2004). Increased trunk 
and shoulder movements upon hand orientation for grasping 
may compensate for the kinetic alterations.

In conclusion, although the mean/maximal GFs were not 
different between hands, the COP trajectory in the paretic 
index finger was increased in patients with mild stroke. 
The kinetic parameters in the paretic hand were associated 
with sensory impairment and cognitive flexibility. This new 
knowledge may improve our understanding of spatial insta-
bility in precision grasping and sensory/cognitive impair-
ments after stroke.
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