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INTRODUCTION 
Most people may understand the importance of hands in daily 
living, but the loss of function in fine motor control after loss 
of a finger would never be imagined.  Actually, human hand is 
an advanced part of human body due to its refining structures 
and complex connection systems. However, it’s hard to define 
the ability of hand coordination through a quantitative method. 
Synergy pattern which was thought as the basic mechanism of 
coordination could be measured in a validity way [1,2]. By 
measuring the force produced by each finger in the specific 
multi-finger movement, the time series force data could be 
applied to identify the pattern of force synergy in specific hand 
movement [3]. Interestingly, previous study demonstrated that 
the adjacent finger would undertake the work of losing finger 
in grasping task and parallel pressing task based on the 
principle of error compensation [4]. To understand the 
synergetic digit force control in the realistic daily activity such 
as reach-to-grasp movements is an important issue. Therefore, 
this study aimed to investigate the synergistic pattern of digit 
forces during grasping a cylinder. The synergy patterns among 
five digits, e.g. bottle grasping, as well as 4 digits with one 
finger restricted were compared to examine the concept of 
error compensation. The quality of synergetic pattern and 
coordination of the common multi-finger movement could be 
further explained by the strength of relationship among digit 
force.  

Figure 1: A simulator instrumented with five force transducers. 
Fx, tangential force component; Fy, longitudinal force 
component; Fz, radial force component. 
 
METHODS 
Twenty-four healthy subjects were recruited in this study. A 
custom cylindrical simulator was designed to record the 
applied loads of the thumb and four fingers (Figure 1). Five 
six-axis force transducers (ATI Industrial Automation, Apex, 
NC, USA) were mounted on the simulator. During the 
experiment, subjects were asked to grasp the simulator on 

finger pads, followed by lifting it above the table 10 cm and 
holding 10 seconds, and lowering it to the original location 
finally. All subjects performed the task in five postures 
including one normal grasp using five digits and four 
amputation-like using 4 digits only. The amputation-like 
postures were achieved by restricting and stabilizing one 
finger, index, middle, ring, and little finger, by adhesive tape, 
respectively (T-MRL, T-IRL, T-IML and T-IMR). In the 
movement, two phases, transient phase (TP) and stable phase 
(SP), were identified for further parameter calculation. TP was 
the time period with the force increasing from 10% to 100% 
magnitude of peak grasp force. Fy (longitudinal direction) and 
Fz (radial direction) were analyzed respectively. SP was the 
three-second time period with stable grasp force on the 
stationary object. Parameters including grasping force, force 
distribution pattern change due to single finer restricted and 
force coefficient of variance were reduced and analyzed. 
Correlation coefficients of digit force and principle component 
analysis (PCA) were applied to evaluate the strength of 
synergy during grasping task, especially in TP phase [5]. 
 

 
Figure 2: Fsy, the summation of Fy of performing digits; Fsz, 
the summation of Fz of performing digits. 
 
RESULTS AND DISCUSSION 
Thumb always accounted for 50% of total grasp force in each 
hand holding posture in agreement with the concept of virtual 
finger theory [6]. However, larger grasping force was found in 
T-IML, instead of the normal condition. It indicates that our 
central nerve system would keep this daily hand function in 
minimal disturbance (Figure 2). In examining Fz (radial force), 
the adjacent finger’s compensation for the absent finger was 
found in agreement with the principles of error compensation 
(Figure 3). Especially, the middle, ring and little fingers 
formed a group so that each digit would compensate for the



  
Figure 3: Finger radial force (Fz) illustrated strong error 
compensation phenomenon. 
 
missing finger in this group. However, Fy showed a varied 
distribution pattern different from that of Fz. The analysis of 
correlation coefficients and PCA for quantitative evaluations 
provided innovative ways to explain the coordination among 
digit forces. In previous studies, the dependence between two 
variables was identified by the correlation coefficients. The 
relationship of inter-digit forces in TP could also be 
considered as a kind of force synergy in cylindrical grasping 
movement. The results showed that the thumb Fz was 
correlated highly with the applied radial force of the index or 
middle finger in normal and amputation-like postures.  In the 
Fy component, no significant correlation among digits was 
found. This mathematical modeling could successfully 
characterize the coordinated patterns and provide more 
interpretations with physical meanings for the synergistic 
behavior. PC1 in Fy and Fz showed 70% and 98% of variance, 
respectively. It indicated that Fz was the force component with 
high coordination among five digits in normal cylindrical 
grasping posture. Moreover, the ranges of the mean PVAF of 
Fz were 94.5–99.7%. The results were similar to the kinematic 
data of finger joint angles [7]. Although the first two PCs of 
Fy accounted for over 90% of PVAF which completely 
represented the original data set with five force variables. Fy 
was the force component with lesser coordinated pattern than 
pattern in Fz. Furthermore, the weight of each digit force 
variable could be examined by the component of PC1 (Figure 
4). Over 11-52% of the first principle component of Fz were 
contributed by thumb, index, and middle fingers. Ring finger 
and little finger contributed less than 10% to the first principal 
component. In contrast, the first principle component of Fy 
contained varied contributions from thumb to little finger. The 
results could demonstrate that the PC1 was contributed by the 
poor consistent performance of Fy. The reason why large PCA 
difference between Fy and Fz could be deduced from different 
physical meaning and different magnitude of total Fy and Fz. 
Therefore, we could not find a good synergetic performance in 
Fy of five digits. 
 
CONCLUSIONS 

The present study revealed the digit force distribution pattern 
of amputation-like postures during grasping a cylindrical 
object in both normal force and anti-gravity force aspects. 
Normal force synergy performance could be approached in 
both stationary and dynamic situations. There may be some 
mechanisms to coordinate the anti-gravity forces, which needs 
more experiments to be verified. In the future, more kinetic 
patterns should be investigated in different hand movements or 
populations with impaired hand functions. 
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Figure 4: weights of digit force component (a)  Fz  and  (b) Fy 
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