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 Objective: The purpose of this study is to build basic data to systematically develop 
a hand function evaluation tool by determining the effects of age, gender and target
force level on the difference in hand function according to the target force level. 
 
Background: Precise and objective evaluation of hand functionality is a very important
factor in quantifying treatment progress in patients or elderly people, and in verifying
treatment effects. However, most hand function evaluations lack objectivity and 
accuracy, and therefore it is difficult to properly treat patients according to the given
situation. 
 
Method: Sixteen healthy subjects (eight elderly and eight young people) participated
in this study to evaluate the effects of age, gender, and target force level on tracking
performance through rRMSE in terms of the tracking force and actual exerted force,
by carrying out a task of maintaining six different target force levels for 20 seconds. 
 
Results: The result of this experiment indicated that elderly people and women had
a lower ability to maintain a certain level of force than young people and men by 16%
and 10%, respectively. The target force level results showed that the tracking error of 
the lowest force level (5% MVC) was significantly higher than that of 15% MVC, 
which in turn showed a higher tracking error than that of the higher target force 
levels. 
 
Conclusion: The results of this study can thus be utilized to develop a rehabilitation
program for elderly people or other patients. 
 
Application: The authors expect that the results of the present study will be valuable 
to develop a rehabilitation program and hand function evaluation tool. 
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1. Introduction 

Humans receive sensory information concerning their motions in daily life through 
receptors such as the skin or eyes, and the information that is captured is integrated
in the brain. A signal is then sent to induce the proper muscular response. However,
the message sent from the brain to the muscle is distorted by internal noise, and 
such noise increases motor output variability, and causes a reduction in the ability 
to precisely control the intended movement (Christou, 2011; Kennedy and Christou,
2011). As a consequence, motor output variability is an important factor in deciding
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the performance in a task that requires accuracy. If the variability is large, the activities of daily living (ADLs) can become restricted 
due to uneven force or movement. Christou (2010) defined motor output variability as the unintended change that takes place 
in a voluntary contraction; whereas, Van Beers et al. (2004) defined it as noise overlapping on the exercise order. Therefore in order 
to enhance the amplitude and direction of the force and the accuracy of time to exert such force, motor output variability should 
be minimized (Schmidt et al., 1979; Carlton and Newell, 1993). 
 
In particular, motor output variability is known to increase according to aging (Galganski et al., 1993; Hortobágyi and DeVita, 1999; 
Christou and Carlton, 2001; Vaillancourt and Newell, 2003). An elderly person tends to exert excessive hand grip strength or show 
slow movement, and when carrying out a task maintaining force, such phenomena reduce accuracy, and cause high variability in 
performance (Jagacinski et al., 1995; Smith et al., 1999; Ranganathan et al., 2001; Krampe, 2002; Kurillo et al., 2004a; Shim et al., 2004; 
Voelcker-Rehage and Alberts, 2005). 
 
The motor control function could be measured with using controlled force exertion (CFE) test. The CFE test is used to evaluate 
the upper limb's coordination (Kubota et al., 2013). The CFE test demands that the participants match their submaximal grip 
strength values to the demand values on a computer display (Nagasawa et al., 2000). 
 
Sosnoff and Newell (2006) conducted a task that maintained the target level (5% and 25% MVCs) by adjusting the abduction 
force of the index finger. Their results revealed that the elderly people group (70.9yr, force CV: 0.06) exhibited a significantly higher 
variability than the young people group (24.9yr, force CV: 0.04). The elderly people also had high variability in the low target force 
level (5% MVC). Galganski et al. (1993) performed a study using the abduction force of the index finger by asking participants to 
carry out a task while maintaining constant force for 20 seconds at four force levels (4%, 20%, 35%, and 50% MVCs). The results 
of the study indicated that the force controlling ability of the aged (67yr) to constantly maintain the force was lower than that of 
young people (28yr). The difference in force control ability between elderly people and young people at the lower force levels 
was remarkable. 
 
In addition to aging, damage to central nerves, hand injuries, or neuromuscular disease are also the causes of decline in hand 
function. Kurillo et al. (2004b) conducted a ramp task and a sine task to compare the grip force control abilities of neuromuscular 
patients and healthy people. The results showed more tracking errors from neuromuscular patients, and some of these patients 
showed more than two times higher errors. Nagasawa and Demura (2005) carried out a controlled force exertion test for grip 
force control that targeted patients with encephalomeningitis, schistorrachis and cerebral palsy, and healthy people. According to 
the results of the research, the performance (sum of target values and exerted value) of the patients with encephalomeningitis 
and schistorrachis was significantly higher than that of the healthy people. 
 
Precise and objective evaluation of hand functionality is a very important factor in quantifying treatment progress in patients or 
elderly people, and in verifying treatment effects. However, most hand function evaluations lack objectivity and accuracy (McPhee, 
1987), and therefore it is difficult to properly treat patients according to the given situation (Kurillo et al., 2005). In the clinical field, 
the most commonly used method to evaluate hand function is to measure the maximum grip force. The maximum grip force 
offers information of muscular contractions for a short time of only six seconds, while more sophisticated grip force control is 
needed in everyday life. This is a limitation of the measuring of maximum grip force. 
 
In addition, many researchers have mainly conducted studies using the abduction force or pinch force of the index finger only, 
so there is a limitation in the synergetic effect, such as in the enslaving effect not being fully reflected when multi-finger force 
is exerted. People in everyday life mostly use all fingers, rather than just the index finger. For this reason, an evaluation of 
multi-finger force should be considered to reflect hand force controlling ability or functionality. 
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The purpose of this study is to build basic data to systematically develop a hand function evaluation tool by determining the 
effects of age, gender and target force level on the difference in hand function according to the target force level. 

2. Method 

2.1 Participants 

A total of 16 healthy adults without musculoskeletal disorders in the upper arms participated in this study. The young group and 
elderly group were recruited through advertising from the university and a senior welfare center, respectively. The young group 
consisted of 8 healthy adults (4 males and 4 females) with a mean age of 22.3 years (SD=1.4), while the elderly group was 
composed of 8 participants (4 males and 4 females) with a mean age of 67.9 years (SD=2.9), respectively. Each of the participants 
was paid for their participation at the rate of $30.00 per hour. Informed consent was obtained at the beginning of the experiment, 
and anthropometric measurements, including height, weight, hand length, hand width, and hand thickness were measured. 
Table 1 provides further details. 
 

2.2 Apparatus 

In this study, a Multi-Finger Force Measurement (MFFM) System developed by Kim and Kong (2008) was applied to measure grip 
strength, and to evaluate controlled force exertion for various target force levels. The MFFM system is composed of four sub-
miniature load cells (Model 13, Honeywell International, ranging from 0~22.7kg, with a 9.5mm diameter 2.75mm thick cylindrical 
shape) to measure individual finger forces with a sampling rate of 10Hz (Figure 1). Each load cell was calibrated by known weights 
(1~5kg) on a custom-made calibration fixture, and each load cell exhibited a high level of linearity between the output data and 
the known weight that was applied (R2 > 0.99). The output signals were collected using an NI USB-6008 DAQ board, and were 
displayed on screen using custom-made software written in LabVIEW 8.5 (National Instruments, Austin, TX, USA). 

2.3 Experimental Procedure 

All participants were provided with a brief description of the experimental purpose and procedures, and practice tests were then 
performed for familiarization with the experiment. To measure the maximum grasping force, participants were asked to perform 
their maximum voluntary contraction (MVC) for 5 seconds with three repetitions for both hands. To reduce the effect of muscle 
fatigue, the participants were also provided 3 minutes of rest time between repetitions (Trossman and Li, 1989). This study used 
the mean value of three exertions as the MVC value. Target forces were determined for each participant based on the MVC value 
obtained with the maximum grasping task for each participant, of 5%, 15%, 25%, 35%, 45%, and 55% MVCs. 

Table 1. Characteristics of the participants 

 Age Height 
(cm) 

Weight 
(kg) 

Hand length 
(mm) 

Hand width 
(mm) 

Hand thickness 
(mm) 

Right Left Right Left Right Left 

Young 
Female 22.3±1.9 164.6±4.5  56.9±12.2 172.4±8.4 172.1±6.1 74.0±1.8 74.3±4.3 27.9±2.7 27.4±4.2 

Male 22.3±1.0 178.6±2.3  78.0±19.9 185.0±2.0 182.7±0.7 82.5±5.7 82.1±5.0 33.3±4.0 31.0±2.3 

Elderly 
Female 68.3±2.5 163.1±6.0  71.1±10.0 182.0±4.3 180.4±5.0 81.6±1.7 82.0±2.8 28.9±3.7 29.2±2.7 

Male 67.5±3.7 165.4±8.6 70.0±8.3 177.4±8.3 177.3±6.5 84.7±1.9 86.4±4.2 32.8±1.2 31.6±1.1 
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For the CFE test, participants were sitting in a chair in front of a computer screen. The elbow was positioned in a 90° flexion, and 
the wrist and forearm were in a neutral position. The participants were asked to exert a grip force while attempting to minimize 
the difference between the target force (FT) and their exerting force (FE). The task screen displayed the target forces in white, and 
the exerted force responses in red color (Figure 2). The duration of each trial was of 20 seconds, and the data from the middle 10 
seconds was collected and used to measure the tracking error in this study, excluding the first and the last 5 seconds of each 
trial. Six different target forces (5%, 15%, 25%, 35%, 45%, and 55% MVCs) were randomly selected according to the maximum 
voluntary contraction that was measured in the maximum grasping task for each participant. The CFE test for both hands was 
performed for both hands with two repetitions for each target level in random sequences, with a 2-minute rest time between trials. 
Hence, each participant performed 24 exertions (2 hands × 6 target force levels × 2 trials) for this study. The participants were 
instructed to track the target force as accurately as possible for 20 seconds, and the acquisition data were automatically saved 
as an Excel file. LabVIEW software (National Instrument, Austin, Texas) was used to analyze the tracking error (rRMSE) between 
the target force (FT) and the exerted force (FE). 
 

 
 

Figure 1. Multi-Finger Force Measurement (MFFM) System 

Figure 2. Experimental display with target force and exerted force 
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2.4 Data analysis 

A repeated-measures analysis of variance (ANOVA) was used to evaluate the effects of age, gender, and target force level on the 
tracking error (rRMSE). Multiple comparisons were carried out using Tukey's test, and the significance level of all tests was set 
to p < 0.05. 
 
Equation (1) defines the tracking error (rRMSE) that was the difference between the target force (FT) and the exerted force (FE) 
over the trial time T. The tracking error was normalized by the target force, in order to allow comparison between the results 
obtained for different target levels and participants. A lower tracking error indicates better activation control of the corresponding 
muscles and improved hand functionality (Jones, 2000; Kriz et al., 1995). 

 

rRMSE (relative root mean square errors) = ඨ1
T

∑
(FE(t)−FT(t))2

FT(t)2
n
t=1        ·····   Equation (1) 

where, FE(t) = exerted force, FT(t) = target force, and T = number of data. 
 
The subject was considered as a random effect, while age (young and elderly), gender (male and female), and target force level 
(5%, 15%, 25%, 35%, 45%, and 55% MVCs) were considered as fixed effects. 

3. Results 

3.1 Maximum grip strength 

A statistical analysis of the maximum grip strength indicated that the main effect of gender was a statistically significant factor in 
this study (p < 0.001). The maximum grip strength for females (178.3N) was 69.3% that of males (257.2N). Although the main 
effects of age and handedness on the maximum grip strength were not statistically significant, the elderly group (209.6N) generally 
exhibited about 91.2% that of the young group (229.9N), and the dominant hand (222.7N) was about 5% stronger than the 
non-dominant hand (212.8N), respectively. 

3.2 Tracking error 

The statistical analysis showed that the main effects on the tracking error of gender (p = 0.046), age, target force level (all p-values 
< 0.001), and the interaction effects of age and target force level (p < 0.001), and of gender and target force level (p = 0.009) 
were statistically significant at a significance level of α= 0.05. The effect of handedness was not statistically significant (p = 0.07). 
 
The tracking error for females (0.072) was 10% higher than that for males (0.065). Figure 3a shows that males were found to 
have a better ability to control finger muscles than females, while Figure 3b shows that in the analysis according to age, the 
elderly group (0.075) showed a 16% higher tracking error than that of the young group (0.063). For the target force levels, the 
tracking errors decreased as the target force levels increased from 5% to 55% MVCs. Tukey's multiple comparison test revealed 
that the largest tracking error (0.169) was obtained at 5% MVC, and the tracking error (0.065) at 15% MVC was also significantly 
larger than those (ranges from 0.042~0.048) at 25%~55% MVCs. Figure 3c shows that there was no significant difference between 
tracking errors for 25%, 35%, 45%, and 55% MVCs. 
 
The interaction effect between the target force level and age was statistically significant (p < 0.001). Overall, the average tracking 
errors of the elderly group were significantly larger than those of the young group, except for the 35% and 55% MVC force 
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levels. In particular, Figure 4 shows that the difference in tracking error between the elderly and young groups at the lowest 
target force level (5% MVC) was relatively greater than that between the elderly and young groups at other target force levels. 

Interestingly, Figure 4 shows that the interaction effect between the target force level and gender (Figure 5), which was also 
statistically significant (p = 0.009), showed a similar pattern to the interaction effect of the target force level and age. The female 
group showed a significantly larger tracking error (28.5%) than the male group at the target force level of 15% MVCs, while the 
female group showed a smaller tracking error than the male group at the largest target force (55% MVC). Although there were 
no significant differences in tracking errors between male and female at the lowest target force level (5% MVC), females showed 
a larger tracking error (13.8%) than males. 
 
Although the interaction effect between gender and age was not statistically significant (p = 0.06), the differences in tracking 
error between females in the elderly (0.081) and young (0.068) groups were generally more obvious than those (0.063 and 
0.062 for elderly and young groups, respectively) for the male group. 
 

  

Figure 3. Tracking errors for gender (a), age (b), and target force levels (c) 

Figure 4. Interaction effect of target force level and age 
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4. Discussion 

4.1 Grip force 

The grip force measurement is a representative method that can be used to objectively evaluate the force and function of a hand 
(Lee et al., 1995) to identify the degree of injuries or diseases, and to evaluate the effect of treatment. 
 
Grip force is known to decrease due to aging; it continuously increases until the late teens, shows relatively stable measured levels 
from the 20s to 40s, and then a downward trend after the 50s (Mathiowetz et al., 1985; Lee et al., 1995). Martin et al. (1985) claimed 
that the decrease in grip force according to aging is due to the decrease in the amount of muscle from aging. Lexell et al. (1983) 
also found that a decrease in the size and number of muscular fibers is the cause of a decrease in grip force. Galganski et al. 
(1993) reported that elderly people (67yr, range: 60~75yr) showed an 18% smaller grip force than young people (28yr, range: 
20~37yr). This study also found differences in the maximum grip force according to age, and elderly people (67yr, range: 
65~71yr) revealed about 10% smaller maximum grip force than young people (22yr, range: 19~23.7yr). 
 
Gender is also a main factor affecting the maximum grip force. Many studies reported that women exerted only 56~70% of 
men's grip force (Pheasant and Scriven, 1983; Härkönen et al., 1993; Talsania and Kozin, 1998; Kong and Lowe, 2005). The difference 
in grip force according to gender is caused by differences in the muscles' physiological cross-sectional area (Miller et al., 1993), 
the size of the hand (Desrosiers et al., 1995), and the height and weight of men and women (Balogun et al., 1991; Hanten et al., 
1999). In particular, the difference by gender in muscle strength in the upper limbs compared with lower limbs was more obvious 
based on previous studies (Levine et al., 1984; Heyward et al., 1986). This study found a difference in grip force according to 
gender as well: Women exerted 69.3% of the maximum grip force compared to men, which is a similar result to the results of 
66% and 68% reported by McMullin and Hallbeck (1992) and Hall (1997), respectively. 
 
The grip force of the dominant hand was 222.7N, which is 5% larger than that of the non-dominant hand in this study. Crosby 
et al. (1994) asserted that the grip force of the dominant hand was 6% stronger than that of the non-dominant hand, which is 
similar to the results of this study. 

Figure 5. Interaction effect of target force level and gender 
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4.2 Limitations of grip force as indicator of hand function 

Although grip force is used as an indicator to evaluate the reduction in physical function or hand function according to aging or 
disease (Kallman et al., 1990), there are some limitations of using the grip force to estimate the reduction of hand functionality. 
First, ADLs more frequently use submaximal strength than maximum grip force. Since ADLs, like writing or eating with a spoon, 
require relatively less grip force control (Oldfield, 1971), judging the performance during daily living or hand function with only the 
maximum grip force is limited. The measurement for maximum grip force can be used to obtain muscle contraction information 
for 5~6 seconds over a short period of time, and therefore, it is insufficient to fully evaluate the hand function. Second, as the 
maximum grip force is measured, excessive force should be imposed upon the hand. In particular, elderly people's bone density 
and amount of muscle decrease mean that maximum grip force measurement may affect hand injuries as a risk factor. 

4.3 Controlled Force Exertion (CFE) test 

Studies on the Controlled Force Exertion (CFE) test have been carried out to actively find an alternative to complement the 
limitations in grip force measurement (Halaney and Carey, 1989; Nagasawa and Demura, 2002; Kurillo et al., 2005; Voelcker-
Rehage and Alberts, 2005). The CFE test refers to a task that exerts a certain level of grip force, or precisely exerts maximal grip 
force in line with a target level in a sine or rectangular pattern. The CFE test has the advantage of not only obtaining the exercising 
ability, but also information on the neuromuscular control mechanism, because visual feedback can be captured in the differences 
between the target value and the participant's grip force exerted in the experiment. Thus, since the CFE test requires hand-eye 
coordination and grip force control, it can be effectively used to evaluate neuromuscular function (Nagasawa et al., 2000). 
 
Damage in performance related to age, such as increase in injury from a fall, is due to decrease in the ability to control muscle 
power, rather than decrease in the ability for maximum performance (Schultz, 1992). The CFE test is considered to be more 
appropriate to objectively evaluate the current status of elderly people or patients, and to properly prevent injuries and rehabilitation. 
 
Most existing studies have actually performed the CFE test based on the abduction force of the index finger. The first dorsal 
interosseous of the index finger is a major muscle controlling abduction, and an EMG signal can be obtained in a relatively easy 
and precise manner, without interference of the surrounding muscles. In addition, the first dorsal interosseous of the index finger 
has a simple mechanical action, and therefore it has been frequently used in many studies (Stephens and Taylor, 1972). 
 
However, since most ADLs use all five fingers rather than just the index finger, there is a limitation in that an evaluation of the 
hand function cannot be fully made with only the index finger. This study conducted the CFE test using the multi-finger force 
measurement system (MFFM system) to complement such a limitation. 

4.4 Relationship between age and hand function 

The function of the neuromuscle that precisely controls hand force decreases as aging progresses (Galganski et al., 1993; Sosnoff 
and Newell, 2008), and this function is remarkably reduced after 50 years of age (Mathiowetz et al., 1985; Ranganathan et al., 2001; 
Bohannon et al., 2006) which causes a huge inconvenience to the ADLs of elderly people and disturbs independent living. The 
causes of deterioration in the motor control ability according to aging have been estimated to be the partial structural change in 
fingers, and nervous system change (Galganski et al., 1993; Carmeli et al., 2003). A CFE test can evaluate the change in function of 
the nervous system. The motor control ability is regarded as excellent when muscle contraction and relaxation is conducted softly 
with low fluctuation and high accuracy (Brown and Bennett, 2002). A smaller difference between target level and the subjects' 
exerted grip force in the CFE test indicates a better ability to control grip force. A study by Ranganathan et al. (2001) asserted that 
in a task constantly exerting pinch force, the ability for control in elderly people was inferior to that of young people. Nagasawa 
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et al. (2000) and Voelcker-Rehange and Alberts (2005) also reported that the CFE test result in elderly people was significantly 
lower than that of young people. This implies that aging much affected the grip force controlling ability. 
 
In order to examine the difference in grip force controlling ability according to age, this study performed a CFE test targeting 
elderly people and young people using the MFFM system. According to the result, 16% more tracking errors (rRMSE) were found 
in the elderly people group than in the young people group, which implies that the grip force controlling ability of the elderly 
people had decreased. 
 
The grip force controlling ability represented by the tracking error showed a significant difference according to gender. Women's 
rRMSE was 10% larger than that of men's, which implies that the tracking task performing ability of women was lower than that 
of men. According to the result of a study by Nagasawa et al. (2000), aged women were inferior to aged men in terms of the CFE 
test. In addition, women were inferior to men in hand agility (Aniansson et al., 1979; Ruff and Parker, 1993) and response speed 
(Houx and Jolles, 1993). The difference in hand function according to gender is closely related to the movement experienced in 
everyday life, which can be inferred because there are more activities involving hands and upper limbs for men than for women 
(Wells, 1991). 
 
Although the interaction effect between gender and age was not statistically significant (p = 0.06), the difference in tracking 
error between young and elderly groups in female were generally more obvious than those for the male group. In female, the 
tracking errors of elderly people were larger than those of young people. This means that the decline in hand function according 
to aging is more remarkable in women than in men. In this regard, continual monitoring of the hand function and training or 
rehabilitation treatment for elderly women is deemed to be required. 

4.5 Relationship between tracking error and target force levels 

The main effect of the target force level on the tracking errors was also statistically significant. Significantly large rRMSE values 
were obtained of 0.169 and 0.065 at the 5% and 15% MVCs, respectively, while significantly small rRMSE values (ranges from 
0.042~0.048) were found in more than 25% MVC target force levels. These are similar to the results reported by Galganski et al. 
(1993) and Slifkin and Newell (2000), and it can be inferred that task exerting and maintaining of a small force require more 
accurate and difficult neuromuscular function control than that of a larger force. The difference in grip force controlling ability 
between elderly people and young people groups in this study was remarkable (except at target force levels of 35% and 55% 
MVCs). Since this means that elderly people have more difficulties in exerting a precise and small grip force exertion than young 
people, it is conjectured to be desirable not to place elderly people in industrial worksites where work on precise and minute 
grip force is required. 
 
The interaction effect of target force level and gender was also statistically significant. At small target force levels (5% and 15% 
MVC), women showed larger tracking errors than men; while at the highest target force level (55% MVC), men showed larger 
tracking error values than women. This means that women feel greater difficulty in maintaining a small force than a large force, 
while men feel greater difficulty in maintaining a larger force than a small force. Women show a relatively stable trend in exerting 
a large force, while men show a relatively stable trend in exerting a small force. The larger tracking errors revealed in women upon 
controlling a minute force can be related to those in the study by Kamel (2003), where when comparing the same muscle group, 
the decrease in isometric muscle strength starts earlier in women than in men. 
 
According to this study, the maximum grip strength was affected only by gender, not by aging; whereas, the CFE test (tracking 
error) was affected by both gender and aging. Thus, the CFE test might be more appropriate as a tool to evaluate hand function 
for elderly people. 
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4.6 Limitations of this study 

The limitations of this study are that there was small a number of test subjects, and that diverse targeting tasks were not applied. 
In further study, greater diversity in subject groups is planned, and the adoption of various targeting tasks, such as sinusoidal 
and rectangular patterns, will be considered. A further relevant study has been planned to use the CFE test of this study for 
effective rehabilitation treatment. 
 
The results of this study are conjectured to be applicable to physical treatment or rehabilitation. These results are also deemed 
to be useful as hand function evaluation guidelines, by complementing the limitations of current hand function evaluation 
tools used in clinical practice. In addition, the results of this study can be used as a tool for physiotherapy to improve hand 
function, and to prevent hand function decline in elderly people. 

5. Conclusions 

For maximum grip force, by age and gender, women exerted only 69.3% of the maximum grip force of men, and elderly people 
exerted only 91% of young people's maximum grip force. 
 
The elderly people showed larger tracking errors than the young people, and larger tracking errors were observed for women 
than for men. 
 
A larger tracking error indicates a lesser ability to control grip force. This indicates that the grip force controlling abilities of elderly 
people and women are inferior to those of young people and men. In addition, a larger difference was found in tracking errors 
according to women's age when compared to men's age. This means that the decline in hand function according to aging is more 
noticeable in women; and therefore it is considered that continuous monitoring of aged women's hand function is needed. The 
difference in grip force controlling ability between elderly people and young people at low target force level (5% MVC) was 
remarkable. This means that the controlling ability of elderly people for precise and small grip force is very low. In this regard, it 
is desirable to carefully consider placing elderly people in workplaces requiring precision work. 
 
Because studies on hand functionality for Korean are lacking, this study could provides a basic method for evaluating hand function. 
These results can be used as guides for physiotherapy and rehabilitation designed to improve the hand function of patients or 
elderly subjects. 
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